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Potassium is an essential macronutrient for plants. Deficiency in potassium leads to a 
reduction in organ growth and can cause yield loss. Previously, a quantitative trait locus 
(QTL) analysis was performed with a Ler/Kas-2 recombinant inbred line (RIL) population 
of Arabidopsis thaliana that was grown using a hydroponic system with contrasted mineral 
nutrient supplies. QTL for growth related and biochemical traits were detected in each 
condition. Furthermore, QTL involved in response of these traits to differences in nutrient 
supply were also detected. The genetic basis of these response QTL could be involved in 
the adaptation of the plant to the reduction in mineral nutrient supply. One of these QTL 
was mapped on the bottom of the chromosome five and was involved in the response of 
rosette weight to lowered potassium supply. In the present study, this response QTL was 
validated with near isogenic lines (NILs) that had a Kas-2 introgression only at the QTL 
position in an otherwise Ler genetic background. The NILs retained over 20% more rosette 
weight than Ler in response to the reduced potassium supply. The QTL was further 
characterized: its effect on growth was present in a wide range of reduced potassium 
supplies but was abolished in the presence of ammonium. Furthermore, the NILs showed 
generally higher potassium content in the rosette as well as a higher water loss than Ler. 
There was no difference in stomatal density between the NILs and Ler and it is therefore 
assumed that a differential regulation of stomata opening will cause the water loss 
difference. The QTL was fine mapped to a ca 3.9 Mbp region and the response phenotype 
of different recombinant lines suggested that several interacting genes led to the observed 
effect of the QTL on growth in response to potassium reduction. The selection of candidate 
genes, underlying the effect of the QTL, is discussed and amongst others the potassium 
channel TPK1. Identification of the genetic and molecular basis of this QTL may shed 
light on a new regulatory mechanism that influences plant growth in response to potassium 





Kalium ist ein essentieller Nährstoff für Pflanzen, eine nicht ausreichende Versorgung 
kann das Wachstum und folglich auch Ernteerträge beeinträchtigen. Eine „Quantitative 
Trait Locus“ (QTL) Analyse mit einer Population rekombinanter Inzuchtlinien, aus einer 
Kreuzung der Ökotypen Ler und Kas-2 von Arabidopsis thaliana, wurde in einer 
Hydrokultur mit unterschiedlichen Nährstoffzufuhren durchgeführt. QTL für 
wachstumsbezogene Eigenschaften, biochemische Merkmale und QTL für die Reaktion 
dieser Merkmale auf die verringerte Kaliumzufuhr wurden kartiert. Die genetische Basis 
letztgenannter QTL kann an Adaptionsmechanismen für Nährstoffmangel beteiligt sein. In 
der QTL Analyse wurde eine Genregion an der Basis des fünften Chromosoms detektiert, 
die an der Veränderung des Rosettengewichts in Reaktion auf die Verringerung der 
Kaliumzufuhr beteiligt war. Die vorliegende Arbeit zeigt die Validierung dieses QTL und 
seine weitere Charakterisierung und Feinkartierung. Zur Validierung wurden sogenannte 
„Near Isogenic Lines“ (NILs) gezüchtet, die Kas-2 Allele in der genomischen Region des 
QTL in einem ansonsten reinen Ler-Genom tragen. Die NILs weisen eine über 20% 
geringere Gewichtsveränderung in Reaktion auf die reduzierte Kaliumzufuhr auf, als der 
Ökotyp Ler. Damit ist der QTL Effekt validiert worden. Der Effekt dieses QTL auf die 
Veränderung des Rosettengewichts blieb bestehen, selbst wenn die Kaliumkonzentration 
des Medium weiter gesenkt wurde. Es konnte jedoch gezeigt werden, dass der QTL Effekt 
nach Zugabe von Ammonium nicht mehr nachweisbar war. Die Konzentration von Kalium 
in den Blättern war höher im NIL als in Ler, zudem konnte ein erhöhter Wasserverlust des 
NILs gemessen werden. Da kein Unterschied in der Stomatadichte zwischen Ler und dem 
NIL gezeigt werden konnte wird angenommen, dass der unterschiedliche Wasserverlust 
durch die Dauer der Stomata Öffnung bestimmt wird. Durch Phänotypisierung von 
Pflanzen mit Rekombinationsereignissen in der genomischen Region des QTL konnte 
diese auf ca 3.9 Mbp eingegrenzt werden. Es gibt Indikationen, dass mehrere Gene in 
dieser Region liegen, die eventuell epistatisch auf einander wirken und zusammen den 
QTL Effekt bestimmen. Mögliche genetische Ursachen für den QTL Effekt werden 
diskutiert, unter anderem der mögliche Einfluss des Kanals TPK1. Dieses QTL birgt die 
Möglichkeit, neue Gene in der Wachstumsregulation für Kaliummangel zu identifizieren, 
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aa  - Amino acid 
ABA  - Abscisic acid 
AGI code - Arabidopsis genome initiative gene annotation code 
ANOVA - Analysis of variance 
A. thaliana - Arabidopsis thaliana 
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MQM  - Multiple QTL model 
NIL   - Near Isogenic Line 
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PS II  - Photosystem II 
QTL  - Quantitative trait locus 
RGR  - Relative growth rate 
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TPK1  - Two-pore K+ channel (formerly KCO1) 
TrisHCl - Tris(hydroxymethyl)aminomethane, pH was adjusted using HCl 
UTR  - Untranslated region 
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1.1 Potassium availability and plant requirements 
 
As plants are photoautotrophic organisms, they depend in essence on the supply of water, 
light and mineral nutrients. Minerals like sulphate, nitrogen or phosphate are major 
building blocks of organic molecules as nucleic acids or proteins. Others like molybdenum, 
zinc or magnesium are incorporated into proteins as structural components or as cofactors 
that are needed in enzymatic reactions. For example potassium and chloride can serve as 
osmoticum or have electrochemical functions (Marschner, 1995; Buchanan et al., 2002). 
Potassium is the most abundant cation in the plant cell. It is usually kept in an order of  
100 mM in the cytoplasm (vacuolar concentration can vary considerably between 10 mM 
and 500 mM) and can make up to 10% of the plants dry weight (Leigh and Jones, 1984; 
Marschner, 1995). Because of the high need of the plant for potassium it is defined as 
macronutrient (minerals that constitute between 1000 µg to 15000 µg/g dry weight; 
Buchanan et al., 2002). Plants are generally able to grow in potassium concentrations 
ranging from 10 µM to 10 mM (Maathuis and Sanders, 1996; Amtmann et al., 2005); 
nevertheless, the growth in very low or high potassium concentrations is impaired. 
Potassium constitutes about 2.6% of the earth crust and is one of the ten most abundant 
elements (Brinkmann, 1967; Ashley et al., 2006); however, its deficiency for plants occurs 
frequently and its depletion causes agronomical loss (Pettigrew, 2008; Rengel and Damon, 
2008). Only the potassium in the soil solution (with a concentration usually ranging 
between 0.1 and 6 mM) is available to the plant. The rest of the potassium in the soil is 
bound to other soil particles and is only partially exchangeable with the soil solution 
(Ashley et al., 2006; Moody and Bell, 2006). Especial sandy or alkalic soils are prone to 
cause potassium deficiency in plants (Munson and Nelson, 1963; Rengel and Damon, 
2008). Also erosion, low humidity (Liebersbach et al., 2004) and intensive agriculture 
cause low availability of potassium (Amtmann et al., 2005; Rengel and Damon, 2008).  
 
1.2 Functions of potassium in the plant 
 
Potassium is not incorporated into any higher molecule but constitutes the major osmotic 
ion of the plant cell and is involved in the regulation of the turgor, pH, plasmamembrane 
potential and transport (Very and Sentenac, 2003; Pettigrew, 2008). The turgor is the 
pressure constituted by the water status of the cell on the cell wall and is necessary for the 
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firmness of herbaceous plants and cell elongation (Fuchs et al., 2006). Potassium transport 
was further associated with pollen tube elongation (Mouline et al., 2002) and site directed 
outgrowth of roots in response to seismic factors (Philippar et al., 1999). Turgor changes 
are also the driving force for cell movements like stomatal opening and closure. At the 
beginning of the light phase protons are transported in the apoplast and the subsequent 
hyperpolarization of the membrane causes voltage-dependent potassium channels to open, 
causing a potassium influx into the cell. Anions like malate and chloride are accumulated 
in the cell as counter ions. The overall build-up of these ions in the vacuole increases the 
turgor change and the stomatal opening. The closure of the stomata is induced by ABA and 
calcium signalling that trigger the release of potassium and anions from the cell (Schroeder 
and Hedrich, 1989; Blatt, 2000; Roelfsema and Hedrich, 2005; Pandey et al., 2007; Figure 




phloem (Gaymard et al., 1998; Maathuis, 2009). Next to its role in osmotic processes, 
potassium has electrophysiological roles in the cell. One is the participation in the 
membrane potential: The potassium concentration is higher in the cytoplasm than in the 
extracellular space and the resulting outward flux of the positively charged potassium ion 
creates a negative potential at the inner side of the plasma membrane. This negative charge 
is further increased by proton pumps (H+ATPases) that transport H+ out of the cell. 
Figure I1: Regulation of turgor 
changes using the example of 
stomatal closure (adapted from 
Buchanan et al., 2002) 
ABA triggers the increase in 
cytoplasmatic calcium. Vacuolar 
potassium channels open and the 
resulting membrane potential change 
on the vacuole triggers the opening of 
channels that release further calcium 
from into the cytoplasm. Thereby, the 
calcium signal is amplified. The high 
increase in cytosolic calcium blocks 
potassium inward rectifying channels 
at the plasma membrane and activates 
the anion channels that cause the 
efflux of anions from the cell. The 
resulting depolarization (and an 
increase in stomatal pH) opens 
potassium outward rectifying channels 
and the loss in anions and potassium 
form the cell decreases the turgor and 
results in stomatal closure. 
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Together the potassium and proton efflux give rise to the membrane potential (high H+ 
extrusion can be counterbalanced by potassium influx). The membrane potential and the 
pH gradient across the membrane are the main driving force for membrane transport 
processes (Maathuis et al., 1997; Buchanan et al., 2002).  
 
1.3 Syndromes and adaptation to potassium deficiency 
 
Potassium is required for the charge balance of negative residues on macromolecules and 
thereby has a role in proteins stabilisation. Its role as the major counter-ion is thought to 
have arisen from the fact that it is the major cell osmoticum and the cell tolerates high 
levels of this ion in the cytoplasm (Lebaudy et al., 2007). At least 60 enzymes were shown 
to be dependent on potassium for their activity (Amtmann et al., 2005): it is important for 
the ribosome mediated protein synthesis (Maathuis, 2009) and the activity of pyruvate 
kinase and starch synthetase (Kachmar and Boyer, 1953; Nitsos and Evans, 1969; 
Ramírez-Silva et al., 1993). Lower activation of these enzymes and the reduced allocation 
of sugars through the phloem, are thought to be responsible for an accumulation of free 
sugars in the leaves and a reduced starch build-up in storage organs of potassium deficient 
plants (Haeder et al., 1973; Marschner, 1995; Deeken et al., 2002; Pettigrew, 2008). 
Furthermore, photosynthesis is affected directly by low potassium supply, as ribulose 
bisphosphate carboxylase activity is reduced (Peoples and Koch, 1979), membrane 
potentials at the thylakoid and mitochondrial membranes are disturbed, photoassimilates 
accumulate and chlorophyll levels decrease (Tester and Blatt, 1989; Zhao et al., 2001; 
Basile et al., 2003). All of this causes disturbances in the carbohydrate metabolism in 
potassium deficient plants. The nitrogen metabolism, specifically the uptake and reduction, 
can be impaired by low potassium conditions as well (Maathuis, 2009). It could be shown 
that the nitrate transporter NRT2 was downregulated in response to  low potassium supply 
(Armengaud et al., 2004) that might be a consequence of an increase in glutamine in 
potassium deficient plants (Amtmann et al., 2005). Glutamine is a product of nitrogen 
assimilation that acts on the nitrogen transporter in a negative feedback loop (Vidmar et al., 
2000; Nazoa et al., 2003). There are indications that also ammonium fluxes are dependent 
on potassium (Szczerba et al., 2008).  
Taken into account all the roles potassium plays in cell regulation and metabolism it is not 
surprising that the reduced supply of this ion causes major growth reductions. The effect 
on growth and developmental processes is the first visible effect of potassium starvation to 
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all plants. A characteristic potassium deficiency syndrome that develops after prolonged 
deficiency is chlorosis in older leaves. This chlorosis occurs as a result of the allocation of 
potassium from older leaves to growing tissues (Marschner, 1995; Maathuis and Sanders, 
1996; Amtmann et al., 2005).  Potassium deficient plants become more susceptible to other 
biotic and abiotic stresses: Plants with a low potassium status are more susceptible to 
drought (Imas and Imas, 2007) and cold stress (Larsen, 1976 cited in Marschner, 1995). 
Sodium stress can lead to potassium deficiency symptoms. However, in early stages of 
potassium depletion, sodium can complement potassium in its osmotic role and sometimes 
even activate enzymes that depend on potassium (Clarkson, 1980; Carden et al., 2003; 
Kronzucker et al., 2008). A higher susceptibility for pathogens in potassium starved plants 
is thought to be favoured by the increased level of soluble sugars and the reduction in 
macromolecule formation, such as PR-proteins (due to the disturbed metabolism). Disease 
susceptibility of potassium deficient plants depends on the plant species as on the infecting 
agent. In contrast to bacterial or fungal infections, viral attacks have been shown to be 
rather less infectious to plants with a low potassium status (Amtmann et al., 2008). 
As mentioned, visible symptoms, except for growth retardation, only occur at prolonged or 
very intense potassium deficiency. The high mobility and the capability of plants to store 
potassium and allocate it to tissues and cell compartments where it is needed is one reason 
for this. Root architectural changes as shown for nitrogen or phosphate starvation (primary 
root growth inhibition and the extension of the lateral root system), are not characteristic 
for potassium. Root responses to potassium deficiency seem to be highly dependent on 
accompanying environmental factors, plant species and individual variability (Hodge, 
2004; Hermans et al., 2006). Also increased root hair growth which is well established as a 
response to phosphate starvation (Bates and Lynch, 1996; Narang et al., 2000) was only 
shown in some species and conditions to be a response to potassium starvation (Amtmann 
et al., 2005; Rengel and Damon, 2008). Also the exudation of organic acids from the plant 
roots is a possible reaction of the plant to decreasing potassium supply. The resulting 
acidification of the soil releases more potassium in the soil solution. Efficient potassium 
uptake of sugar beet and potato varieties that were grown in potassium deficient conditions, 
was shown to depend on soil acidification by the plants (El-Dessougi et al., 2002; Trehan 
and Sharma, 2002). In addition, a change in potassium uptake rate occurs if plants grow in 




1.4 Potassium uptake and transport proteins 
 
In a very low external potassium condition (for A. thaliana this is starting at external 
concentrations of potassium of 100/500 µM and below) the uptake rate of potassium 
increases compared to sufficient potassium supply. The two proposed uptake phases are 
constituted by a passive low affinity uptake and the high affinity uptake driven by active 
transport (Epstein et al., 1963; Maathuis and Sanders, 1996; Very and Sentenac, 2003; 
Britto and Kronzucker, 2008). Passive ion uptake is usually mediated by channels that 
form hydrophilic pores through which ions can pass along their electrochemical gradient. 
Active transport is mediated by membrane proteins, transporter, against the 
electrochemical gradient of the transported ion either by ATP usage, light energy or 
cotransport of other ions (Lehninger et al., 1993). However, there are some exceptions, 
also channels (SPIK, AKT1) have been shown to be capable of potassium uptake from an 
external media that would require high affinity potassium uptake (Spalding et al., 1999; 
Brownlee, 2002; Mouline et al., 2002). Vice versa, a transporter was shown to be involved 
in potassium uptake in concentrations in the low affinity potassium uptake range (Fu and 
Luan, 1998) while this passive uptake is mainly performed by channels. The channel 
AKT1 and the transporter HAK5 are thought to mediate most of the high affinity 
potassium uptake in the roots (Rubio et al., 2008; Pyo et al., 2010).  
The first cloned potassium transporting protein were the guard cell potassium channel 
KAT1 (Anderson et al., 1992) and the root uptake channel AKT1 (Sentenac et al., 1992; 
Ashley et al., 2006). Sequence based prediction has established a large number of potential 
proteins for potassium transport of which some were functionally characterized by mutant 
analysis or in heterologous expression systems. For Arabidopsis thaliana 71 potassium 
transporters and channels were annotated so far (Chen et al., 2008). There are three large 
families of transporters: KUP/HAK/KT, HKT and CPA (Gierth and Maser, 2007) and also 
three large channel-families, the Shaker, TPK and Kir-like families (Lebaudy et al., 2007). 
The KUP/HAK/KT-family was identified by homologies with bacterial and fungal 
potassium transporters. Three of the 13 members in Arabidopsis (KUP1, KUP4, HAK5) 
were shown in planta to function in high affinity potassium uptake. HKTs (high-affinity K+ 
transporters) are topologically related to potassium channels with subunits consisting of 
two transmembrane domains and one pore domain. However, most of them have shown to 
be more permeable to sodium than potassium in heterologous expression systems. The 
cation proton antiporter (CPA) family are thought to work as proton antiporters for sodium 
10 
Introduction 
or potassium (reviewed in: Very and Sentenac, 2003; Gierth and Maser, 2007). The 
channels are all built from so called α-subunits. These subunits contain either one (Shaker 
or Kir-like families) or two (TPK-family) pore domains and each functional channel needs 
to possess four pore domains.  Heteromere formation of several subunits was described for 
the Shaker channel family. The Shaker family channels reside in the plasmalemma and are 
voltage dependent. If they are activated by hyperpolarization of the membrane they are 
called inward rectifying channels and function in potassium uptake in the cell, while 
depolarization activates the outward rectifying channels. Kir-like and TPK family channels 
(except for TPK4; Voelker et al., 2006) were found to be localized at the tonoplast and 
seem to be insensitive to membrane voltage changes (reviewed in: Very and Sentenac, 
2003; Lebaudy et al., 2007). Apart from those three large channel-families also cation 
channels with a lower selectivity for potassium were described like the vacuolar channel 
TPC1 (Peiter et al., 2005) and the cyclic nucleotide gated channels (Köhler et al., 1999).  
The uptake of potassium was found to be influenced by the presence of other mineral 
nutrients in the soil as sodium (Epstein et al., 1963; Rus et al., 2004) or ammonium. The 
presence of ammonium (NH4+) reduced potassium uptake (Rufty et al., 1982; Dean-
Drummond and Glass, 1983). Only high affinity transport mechanisms seem to be affected 
and ammonium sensitive and insensitive uptake pathways were reported (Spalding et al., 
1999; Santa-Maria et al., 2000; Szczerba et al., 2006). One proposed mechanism for this 
ammonium sensitivity is that, due to its similar hydrated ion radius, ammonium competes 
with the potassium ion for transporter binding sites and maybe for uptake (Vale et al., 
1988; Wang et al., 1996; Spalding et al., 1999; ten Hoopen et al., 2010). 
 
1.5 Potassium sensing and regulation 
 
In order to change from a low to a high affinity uptake mechanism, the change in available 
potassium needs to be perceived and a signalling mechanism needs to be activated that 
leads to transport protein changes. Recent suggestions about the perception of the reduced 
supply of potassium in the external medium involve the potassium uptake channel AKT1 
in the roots (Wang and Wu, 2010). Potassium ions negatively regulate H+ATPases at the 
plasma membrane (Buch-Pedersen et al., 2006). Reduced potassium inflow via AKT1 
might cause a reduction of potassium ions at the inner membrane site, leading to an 
increased activity of H+ATPases (Palmgren, 2001). The resulting hyperpolarization in turn 
may activate inward channels (such as AKT1) which lead together with the acidification of 
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the soil to an increased potassium uptake (Wang and Wu, 2010; Figure I2). From this local 
response in the outer root epidermal cells a potassium starvation signal needs to be 
transmitted to the rest of the plant. In response to potassium starvation, plants have shown 
to produce increased levels of ethylene (Jung et al., 2009). Furthermore, potassium 
channels were found to be affected by auxin (Philippar et al., 1999) and cytokinin (Van 
Steveninck, 1972; Pilot et al., 2003) and transcriptome analysis revealed the upregulation 
of many transcripts of genes involved in jasmonic acid (JA) synthesis and response 
(Armengaud et al., 2004). Phytohormones are certainly good candidates for a long range 
signal, they are usually involved in developmental regulation as well as in abiotic and 
biotic stress signalling (Buchanan et al., 2002). Yet, also changes in photoassimilate 
production and translocation from the shoot to the root might act as a systemic signal for 
potassium starvation. Whether the potassium ion itself contributes to signalling is rather 
controversial (Amtmann et al., 2005). Low concentrations of potassium in the xylem or 
phloem could only act as a long range signal in prolonged starvation conditions, when the 
potassium concentration in the tissues is affected. However, transcriptional responses to 
potassium deficiency (in the root and the shoot) can already be registered six hours after 
onset of the stress (Armengaud et al., 2004). Consequently, potassium concentration 
changes might be perceived as a signal but there need to be another long range signal that 
acts temporarily before that. The potassium ion homeostasis is though to be kept constant 
in the cell over a wide range of external potassium concentrations; therefore, the 
involvement of potassium as a short range signal is also unlikely. Furthermore, the 
concentration of potassium in the cell is very high and a perceivable signal would need to 
cause drastic changes. However, Szcerba et al (2006) suggested that the dogma of 
potassium homeostasis might not hold true since drastic changes in potassium 
concentration between 40 mM and 250 mM in plants, grown in sufficient potassium supply, 
were shown in response to different environmental scenarios. A possible short range signal 
could be constituted by reactive oxygen species (ROS) and calcium. Reactive oxygen 
species are a general stress response signals and were also found to be increased in 
potassium starved roots maybe by an ethylene responsive pathway (Shin and Schachtman, 
2004; Jung et al., 2009). Calcium is often a downstream signal of ROS production and 
there are recent indications for increased calcium levels in the plant (Wang and Wu, 2010) 
and calcium binding proteins were described to be differentially regulated in response to 
low potassium supply (Schachtman and Shin, 2007). A presumably ROS and calcium 
dependent regulation of the channel AKT1 was already described: The calcium binding 
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proteins CBL1 and CBL9 interact with the kinase CIPK23 that triggered the activation of 
AKT1 by phosphorylation (Li et al., 2006; Xu et al., 2006). Long and short range signals 
triggered by potassium deficiency can act on several downstream targets. Transport 
proteins were shown to be regulated on the one hand by transcriptional activation, for 
example one of the most important potassium uptake transporter, HAK5, was shown to be 
upregulated within one day, in response to potassium starvation (Ahn et al., 2004; Gierth et 
al., 2005). On the other hand transporters and channels are regulated by a multitude of 
post-transcriptional modifications. These modifications include phosphorylation changes 
(Li et al., 1998; Lee et al., 2007), heteromerization of different channel subunits (Duby et 
al., 2008), 14-3-3 proteins (Saalbach et al., 1997; Van den Wijngaard et al., 2001), G-
proteins (Walter et al., 1995), cNTPs (Köhler et al., 1999), pH and voltage changes (Very 
and Sentenac, 2003).   
 
 
Figure I2: Proposed signalling mechanism in response to potassium deficiency (adapted from 
Wang and Wu, 2010) 
The decreased uptake of potassium in deficiency (eg. by AKT1) leads to an activation of H+-ATPases 
that acidifies the apoplast. Overall this leads to a change in the plasma membrane potential (Ψ) which in 
turn activates potassium uptake channels like AKT1 itself but also calcium channels that cause a 
calcium increase in the cell. The calcium as well as the ROS signals trigger further responses like 






1.6 Using natural variation to reveal the genetic basis of a quantitative trait 
 
Although, several putative and confirmed transport proteins as well as possible signalling 
factors were described, there is no complete picture of the molecular basis of potassium 
response effects. So far, mainly reverse genetic approaches were used. In a mutant screen, 
plants are selected according to an obvious phenotype that is caused by a single mutation. 
Most phenotypes, or trait variation, in nature arise from the combination of several altered 
genes. The phenotypes that are caused by multiple genes can vary depending on the 
different allelic combinations that are possible and can lead to a continuous variation of 
trait values. To study these quantitative traits, a quantitative trait locus (QTL) mapping can 
be performed (Alonso-Blanco and Koornneef, 2000). A QTL is a genomic region that is 
involved in the variation of a quantitative trait. To identify such a locus, genomic markers 
are tested for their significant association with the variation of the trait values (the 
probability can be assessed by the LOD-score). To link genomic markers to a phenotype, 
several genotypes that differ at the tested marker positions need to be analysed for their 
trait variation. A collection of such genotypes is a mapping population. For the 
construction of a mapping population, the allelic diversity that is present in natural 
accessions of a species can be used. This natural variation within a species may result from 
population history (for instance by genetic divergence) or from the adaptation to the local 
environment. The first step to develop a mapping population is the cross between at least 
two natural accessions. The F1 progeny of the cross is heterozygous, consisting of alleles 
from both parental accessions. The progeny of these hybrids have a mixed allelic genome. 
Although F2 populations can be used for a QTL mapping, recombinant inbred line (RIL) 
populations are preferred mostly. They have homozygous genomes (so called immortal 
mapping population) and are obtained by single seed descendants from individual F2 
plants until the F7 - F10 generation. The homozygous lines can be phenotyped in several 
replicates (and several environments) without the further need to genotype each plant 
individually. The allelic values at genomic marker positions along the chromosomes are 
determined for each genotype. If the allelic value at a marker has a significant impact on 
the trait variation this genomic region is called a QTL. QTL can contribute to varying 
degrees to the trait variation, those with a high explained variance (R2; percentage of trait 
variation explained by the single QTL) and/ or high additive effect of the different alleles 
are called major QTL. A QTL detection bears, like any statistical analysis, the risk of 
detecting false positives. This is less likely for major QTL than for those of small effect. 
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However, to finally prove the existence of a QTL it needs to be validated. A certain way to 
validate the effect, is to derive lines that genetically differ only at the QTL position: 
Heterogeneous inbred families, for example, have a mixed genetic background of both 
alleles which is identical between the lines except for  the QTL position (HIFs; Tuinstra et 
al., 1997). Another type of lines for validation are near isogenic lines (NILs) that have a 
homogenous genetic background of only one allele, with an introgression of a different 
allelic region at the QTL position (Koornneef et al., 2004; Reymond et al., 2007; Figure I3). 
The trait difference between those lines should only be caused by the QTL effect, as it is 
the only genomic region differing between them. If the trait difference between the lines is 
significant, the QTL is validated. A validated QTL can be fine-mapped to unravel its 
genetic basis. To do so, lines with recombinant events between the allelic values in the 
QTL region can be derived. If recombinant plants show the expected allelic effect, the 
genomic region those lines have in common, is causing the QTL effect. Following this 
strategy the QTL can be narrowed down to a small number of genes (Figure I3). Alleles 
from candidate genes can be cloned and transferred into a line with a different allelic value 
at the QTL position. If the gene is responsible for the QTL effect, the trait value of the 
transformed line will change accordingly. This complementation test is the final prove for 
the genetic basis of a QTL (Yano, 2001; Salvi and Tuberosa, 2005). 
The benefit of a QTL analysis is that phenotypes which are caused by several genetic 
factors can be analysed and in some cases even interactions between loci can be detected. 
This is of interest especially for growth related traits which are usually caused by several 
genes. Genes with low effect on a trait variation or genes with lethal knock-out mutations 
can still be detected to be involved in a trait variation. These genes would rarely be 
detected in a mutant screen for the same trait. Furthermore, most mutants are derived from 
one accession, Col-0. Genes with non-functional alleles already present in this accession 
could also go undetected in a mutant screen. The allelic polymorphisms that cause a QTL 
effect are of functional importance and may allow a more detailed insight into the character 
of a gene or its regulation (Maloof, 2003; Tonsor et al., 2005). QTL analysis, using natural 
variation as a basis for the construction of the mapping populations, benefits from the large 
genetic pool the accessions provide. The allelic difference between accessions may have 
derived from selection by environmental specificities of the local habitat and a detailed 
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Figure I3: General scheme from identification to the cloning of a QTL (adapted from Reymond et 
al., 2007) 
A RIL population from two accessions, like Ler from Poland (blue dot) and Kas-2 from Kashmir (red 
dot) can be used to detect QTL. To validate the QTL plants that differ only at the QTL position need to 
be compared in their phenotype, like this the quantitative trait can be “Mendelized”. Those lines are 
generally near isogenic lines (NILs) or heterogeneous inbred family (HIF) lines. NILs have a genetic 
background consisting of only one genotype and HIFs have a mixed allelic (but identical) background. 
To locate the genomic position of a QTL more precisely, lines with recombinant events in the QTL 
region can be phenotyped. The lines that show the expected effect according to the QTL detection/ 
validation should carry the gene responsible for the QTL effect. This fine mapping is limited at some 
point by the number of recombinant events that can be selected for in the continuously decreasing QTL 
region. Among a smaller number of genes, candidates can be cloned and used for a complementation 
test. 
 
A species with a wide geographic distribution and many accessions is Arabidopsis thaliana 
(L.) Heynh (Alonso-Blanco and Koornneef, 2000). The Brassicaceae species A. thaliana is 
a model organism for higher plants. It has a relative short life cycle, a small genome (130 
Mbp, five chromosomes) and a lot of molecular information and methodical protocols are 
already available for this plant. Several accessions of A. thaliana were already used to 
construct mapping populations for QTL analysis that led to the identification of a number 
of genes underlying complex traits (Koornneef et al., 2004; El-Lithy et al., 2006; Simon et 
al., 2008). 
 
1.7 Quantitative trait analysis for plant mineral nutrition 
 
A QTL detection with the same mapping population can be performed in different 
environments and by comparison of the analysis, an environmental effect on the QTL 
effect can be observed. Constitutive QTL would be present in all conditions which means 
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they have an overall effect on the trait that is unaltered by the environment. In contrast, 
QTL can also be present in one condition only or change their effect depending on the 
conditions. These QTL will further be referred to as response QTL. They may be involved 
in the adaptation of the plant to the changing condition.  
Natural variation bears the potential to identify genotypes with better nutrient uptake or 
utilization efficiency (Marschner, 1995; Narang et al., 2000; Rengel and Marschner, 2005) 
and QTL analyses using natural variation already identified genes involved in nutrient 
deficiency. The multicopper oxidase, LPR1, was identified to cause changes in the primary 
root growth arrest in response to low phosphate. This oxidase might be involved in the 
phosphate perception (Reymond et al., 2006; Svistoonoff et al., 2007). Harada et al. (2004) 
detected QTL for nitrogen content in a Ler/Cvi RIL population on chromosome five and 
suggested an anion channel of the AtCLC family as candidate. A mutant analysis of the 
proposed gene showed that it affected the nitrogen content. In another study, elemental 
profiling of several Arabidopsis thaliana accessions combined with a microarry-based 
genotyping approach indicated that the transporter AtHKT1 is involved in sodium content 
and sensitivity in Arabidopsis. Rus et al. (2006) further confirmed the involvement of 
AtHKT1 by mutant complementation with the isolated alleles. 
The analysis of the ionome of a plant, like the one performed by Rus et al., but also 
metabolome or proteome analysis is becoming a more and more accessible technology. 
These “omic” approaches that measure a large number of different substances can be 
incorporated in the QTL mapping and add information about complex, system wide 
changes (also in response to changing environmental stimuli). Transcriptome analysis can 
be used in two ways: On the one hand the global expression data from a RIL population 
can be used as a “trait” for QTL analysis, giving rise to so called expression QTL (eQTL). 
These eQTL can be used to unravel regulatory networks, shedding light on pleiotropic 
effects and trans-regulation of genes (Jansen and Nap, 2001; Keurentjes et al., 2007a). On 
the other hand, transcriptome analysis can be used in parallel with a fine mapping approach 
to identify differentially regulated genes as possible candidate genes for a QTL effect.  
 
1.8 The aim of the present study 
 
Dr. Hugues Barbier and Dr. Matthieu Reymond combined a QTL mapping for growth 
related traits with an ionomic approach. They performed a QTL analysis for several growth 




three different mineral nutritional regimes: a control condition, a reduced potassium supply 
and a reduced phosphate supply. Furthermore, response QTL of all traits to the change in 
potassium or phosphate supply were determined (Prinzenberg et al., 2010). 
The growth related traits are complex, integrative traits that reflect the impact of many 
physiological and genetic parameters. The reduction in growth is one of the major impacts 
potassium as well as phosphate starvation have on plants and the genetic determinism are 
of agronomical interest. For these reasons the growth related QTL became the major focus 
of this work, in specific the response QTL that are affected by the mineral nutrition change. 
Three growth response QTL were detected and one of them a potassium-response QTL for 
rosette weight was chosen for validation and fine mapping. In addition, this QTL co-
located with a response QTL for rosette potassium concentration. In both cases the Ler 
allele increased the response value. This might be an indication for a common genetic 
cause of these QTL. All of this made this specific QTL region interesting for further 
analysis. The first aim of this thesis was to validate the potassium response QTL. The QTL 
was further characterized in different environmental scenarios and for additional 
phenotypes and the obtained information was used to discuss the possible genetic 
mechanism underlying the QTL effects. The genetic determinism of the QTL enables the 
plants to retain a higher fresh weight in potassium deficient conditions, to elucidate this 
determinism is of interest to understand growth regulation in reduced potassium nutrition.  
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2. Material and Methods 
 
To determine genes, involved in growth and biochemical reactions of a plant to changing 
mineral nutrient supply, a QTL mapping had been performed. To control the mineral 
nutrient supply of the plants, a hydroponic system was used. In this chapter the nutrient 
solutions, the system itself and the accompanying environmental conditions are described 
(2.1). The detected QTL were validated with near isogenic lines (NILs) and fine mapped 
with lines with recombinant events in the genomic region of the QTL. These lines were 
selected among segregating progeny of a backcross of a recombinant inbred line (RIL) 
from the mapping population with one of the parental accessions of the population (2.2). 
The lines were genotyped with molecular markers and the predicted protein sequence of a 
possible candidate gene for the QTL effects was compared between the genotypes (2.3). 
The determination of the traits for the QTL detection, the validation and further 
characterization of the QTL is explained (2.4) as well as the statistical evaluation of those 
traits (2.5). 
 
2.1 Growing plants in different nutrient regimes using a hydroponic system 
 
2.1.1 The mineral nutrient solution 
 
The nutrient solutions were derived from the Murashige and Skoog media (Murashige and 
Skoog, 1962; Tocquin et al., 2003). The control, reduced potassium and reduced phosphate 
solutions, used for QTL mapping and the first validation steps, are described in table M1. 
The solutions used for the increased levels of potassium starvation are listed in table M2. 
Another solution was derived from the control and 20-fold potassium reduced media, to 
which ammonium was added (Table M3). All solutions were adjusted with 2.39 mM MES 
to a final pH of optimally 5.8 (between 5.7 and 5.9). To adjust the pH of the buffer, KOH 
was used for the solution described in table M1 (705 µM in the final solution) and NaOH 
(780 µM in the final solution) for the solutions described in the tables M2 and M3.  
All chemicals were used in “pro analysis” grade or “tissue culture” grade and purchased 
from the companies Roth, SIGMA and Merck. 
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Salts control reduced potassium reduced phosphate 
KNO3  2000 0 2000 
Ca(NO3)2  4H2O 1000 2000 1000 
CaCl2 2H2O  300 300 300 
MgSO4 7H2O  150 150 150 
KH2PO4  150 150 32 
FeSO4 7H2O  22.4 22.4 22.4 
Na2 EDTA  22.3 22.3 22.3 
MnSO4 H2O  15 15 15 
H3BO3  10 10 10 
ZnSO4 7H2O  3 3 3 
KI  0.5 0.5 0.5 
Na2MoO4 2H2O  0.1 0.1 0.1 
CuSO4 5H2O  0.01 0.01 0.01 
CoCl2 6H2O  0.01 0.01 0.01 
KCl 0 0 118 
 
Table M1: Mineral concentrations of the solutions used for the QTL detection  
The table summarizes the salt concentrations in the three different conditions that were used for the 
QTL mapping experiment (Figure R1) and for the selection of the RILs for validation (Figure R2). The 
concentrations are given in µM. Concentration changes compared to the control solution are highlighted 
in bold letters. 
 





KNO3  2000 705 279.6 64.6 10.8 0 0 0 
Ca(NO3)2 4H2O 1000 1647.5 1860.2 1967.7 1994.6 2000 2000 2000 
CaCl2 2H2O  300 300 300 300 300 300 300 300 
MgSO4 7H2O  150 150 150 150 150 150 150 150 
KH2PO4  150 150 150 150 150 107 53.3 0 
FeSO4 7H2O  22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4 
Na2 EDTA  22.3 22.3 22.3 22.3 22.3 22.3 22.3 22.3 
MnSO4 H2O  15 15 15 15 15 15 15 15 
H3BO3  10 10 10 10 10 10 10 10 
ZnSO4 7H2O  3 3 3 3 3 3 3 3 
Kl  0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Na2MoO4 2H2O  0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
CuSO4 5H2O  0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
CoCl2 6H2O  0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Ca(H2PO4)2 H2O 0 0 0 0 0 21.5 48.4 75 
 
Table M2: Mineral concentrations of the nutrient solutions with increased potassium reduction 
By using an alternatively buffered solution (see text), the potassium concentration could be decreased 
further. The concentrations of each salt (in µM) in the control and the different media with reduced 
potassium concentrations are listed, ranging from the concentration used in the QTL detection (QTL 
det.) to a nearly 100-fold reduction in potassium. Concentration changes to the control solution are 
highlighted in bold letters. 
 
To test the effect of the potassium response QTL in the presence of ammonium a solution 
was derived from the control solution (Table M2) in which part of the nitrogen was 
supplied as ammonium and not solely by nitrate. The presumed optimal ratio of 
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ammonium in the total nitrogen source is between 1/4 to 1/3 (Marschner, 1995; Lea-Cox et 
al., 1999), in the solution of the present study it is 1/4 (Table M3). 
 
Salts control reduced potassium 
KNO3  2000 0 
NH4NO3 1000 1000 
CaCl2 2H2O  300 300 
MgSO4 7H2O  150 150 
KH2PO4  150 107 
FeSO4 7H2O  22.4 22.4 
Na2 EDTA  22.3 22.3 
MnSO4 H2O  15 15 
H3BO3  10 10 
ZnSO4 7H2O  3 3 
KI  0.5 0.5 
Na2MoO4 2H2O  0.1 0.1 
CuSO4 5H2O  0.01 0.01 
CoCl2 6H2O  0.01 0.01 
Ca(NO3)2 4H2O 0 1000 
Ca(H2PO4)2 H2O 0 21.5 
 
Table M3: Control and 20-fold reduced potassium media with ammonium 
The concentrations are given in µM. Concentration changes compared to the solution shown in table M2 
are highlighted in bold letters. 
 
2.1.2 Seed sterilization 
 
Seeds were rinsed in 70% EtOH for 1 min and afterwards kept for 8 min in a hypochloride 
solution (1.2% NaOCl, 0.1% SDS) under constant agitation (Thermo-shaker, Haep Labor 
Consult, Borenden). Afterwards they were rinsed three times in autoclaved millipore water 
and air dried in a sterile laminar flow work bench (Hera safe; Heraeus Instruments; Hanau) 
on autoclaved filter paper (Macherey-Nagel GmbH & Co. KG, Düren). 
 
2.1.3 The setup of the hydroponic system 
 
The hydroponic system is derived from the system of Tocquin et al (2003). A. thaliana 
seeds were sown on tip-cut, agar-filled tubes that hang through holes in a plate into a box 
with nutrient solution. In one tray of ten litres, 81 plants can be grown (Picture M1).  
Before sowing, the seeds were sterilized using a hypochloride solution (2.1.2). 
Approximately 0.5 cm of the tubes (PP; Sarstedt, Nümbrecht) tip were cut off and filled 
with agar (0.65% Daishin agar, Duchefa Biochemie, Haarlem, Netherlands). As soon as 
the agar polymerized the tubes were collected in the tip-wholes of a 1ml-pipette tip case 
(10x96 slots, TipOne, Starlab, Ahrensburg) which was filled with the respective nutrient 
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solution. The sterilized seeds are placed on the agar surface. The tip case with the seeds 
was covered and placed for two to three days in the fridge (~4°C) for stratification. After 
stratification the boxes were transferred to a growth cabinet (2.1.4), the lids of the boxes 
remaining closed until germination. When the majority of seeds germinated and the first 
cotyledons were formed (ca. three days after transfer to the growth cabinet) the lid was 
removed. Subsequently, the evaporated water was refilled each day with Millipore water 
(QGard1; QuantumEX Ultrapure Organex cartridge, Millipore GmbH, Schwalbach). One 
week after the transfer the roots of the young plants were about to penetrate through the 
agar and to reach the nutrient solution. At this point the tubes were transferred from the tip 
boxes to a 31 cm by 46 cm plastic plates with wholes corresponding to the size of the tubes. 
The plastic plates were covered with a white foil on the surface and the plants are grown in 
a distance of 2 cm to 4 cm (Figure M1). From this plate the tubes hung into a tray of 10 l-
volume, filled with mineral nutrient solution. Quantification of the traits, mentioned in 2.4, 
was performed 32 days after the transfer to the growth cabinet. To minimize positional 
effects, the plates were swapped between replicate boxes and thereby the position of the 
plants changed within the growth cabinet. Furthermore, each genotype was grown in 
several replicates (usually between nine to 15 replicates) which were distributed randomly 
on the plastic plate. The pH of the solutions was monitored and the solutions renewed, if 
the pH dropped below 5.70. 
 
Figure M1: The hydroponic system 
Arabidopsis thaliana (32 days old in this picture) was grown on agar filled tubes that hang into a tray 
filled with nutrient solution (see lifted tray on the left). The trays are in a growth cabinet with light bulbs 
and light tubes illuminating the plants from above. 
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2.1.4 Further environmental conditions for the hydroponic growth 
 
The plants in the hydroponic system were grown in a growth chamber (AR95L, Percival 
Scientific Inc., Wertingen) with an 8 hours light and 16 hours dark cycle per day. The 
chamber was illuminated by light tubes (25W, F25T8/TL741 Alto, Philips, Andover, MA) 
and bulbs (25W matt, RIVA, WS Walter Schrickel GmbH, Philippsburg) with a total light 
intensity of approximately 10500 lx (~180 µmol s-1 m-2). The bulbs were switched on 15 
min before the tubes and went off 15 min after the tubes, increasing the light phase in total 
by 30 min at 120 lx (~5 µmol s-1 m-2). The temperature was set at 22°C during the light 
phase and at 18°C during the dark phase. The relative humidity was approximately 60% 
during the light phase and 80% during the dark phase. 
For the long day experiment the plants were grown in a different growth chamber 
(growbanks, CLF Plant Climatics, Emersacker). Light tubes and bulbs were of the same 
quality but the light phase was shifted to 14 hours (plus two times 15 min bulbs only). The 
temperature was set to 22°C during the light phase and 18°C during the dark phase with an 
relative humidity of approximately 50% and 70%, respectively. 
The light intensity in µmol s-1 m-2 was determined from averaged values, measured with a 
light meter (LI-250A, LI-COR Biosciences, Bad Homburg). The temperature, light 
intensity and relative humidity were monitored by a HoBo U12 data logger (Onset 
Computer Corporation, Bourne, MA) that recorded these parameters in an interval at every 
three or five minutes. Figure M2 represents the usual readout of the HoBo probe in the 
growth chamber for the short day experiments (Percival). 
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Temperature in °C 
 
Temperature in °C (external probe) 
 
Light intensity in lx (Lux) 
 
Relative humidity in % 
 
 
Figure M2: HoBo data logger files showing the environmental conditions measured in the 
Percival  
An exemplary time period of three days is shown. The green line indicates the light intensity, the blue 
line the relative humidity and the black lines the temperature. The temperature was measured in the 
hobo data logger with all the other environmental parameters (full line) and with an external probe that 
was glued on the hydroponic tray directly next to the plants. 
 
2.2 Selection of the NILs and recombinant lines 
 
2.2.1 Growth conditions on soil 
 
The genotypes that were grown in the hydroponic system were mainly homozygous. The 
selection of those genotypes from heterozygous parents was done on soil, as well as further 
seed propagation and the cultivation of lines used for crosses. The soil used, was “Mini-
Tray” from the company Balster Einheitserdewerk (in Fröndenberg) with 1 kg/m3 Triabon 
and 1 kg/m3 Osmocote fertilizer (Scotts Celaflor GmbH & Co. KG, Mainz). The 
greenhouse environmental controls were set to a 16 hours light/ 8 hours dark period (with 
approximately 20°C/18°C). To break dormancy and to synchronize the plant germination, 
the seeds were stratified in Petri dishes on moist filter paper for at least two days before 
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2.2.2 Crossing of plants 
 
To perform crosses, flowering plants were chosen that only had few if any siliques formed 
yet. As a mother for the cross, closed flower buds were chosen, ideally which already 
showed white tips of the first petals. The flower buds were opened with a pair of tweezers 
(No.5; A. Dumont & Fils, Montignez, Switzerland) and the anthers of the mother were 
removed, if possible, without removing the sepals and petals. Thereafter, mature anthers 
were taken from the other genotype for the cross (Ler) to pollinate the stigma of the mother 
plant. 
 
2.2.3 Plant material 
 
The NILs and all recombinant plants were derived from backcrosses of the RIL138 from 
the Ler/Kas-2 RIL population (El-Lithy et al., 2006) and Ler. Ler was always used as a 
pollen donator. The NIL1, NIL2 and NIL3 were selected in the F2-generation of the 
backcross of Ler and RIL138 (thanks to Dr. Bjorn Pieper for sharing his F1 seeds of the 
cross Ler x RIL138). The recombinant plants R1 to R8 are the fourth generation of this 
backcross (derived from six different heterozygous F3 plants that were selected among the 
progeny of two F2 plants). The recombinant lines R13, R15 and R17 were selected in the 
F6 generation of the first backcross (which were derived from a common F3 plant). The 
recombinant lines R9-R12, R14, R16 and R18-R20 are the third generation of a second 
backcross (BC2F3). They were obtained from a cross between Ler and one of the F3 
genotypes (parent of R6) of the first backcross of the RIL138 with Ler (the lines were 
derived from seven different heterozygous BC2F2 plants selected from four different 
heterozygous BC2F1 plants). The markers used for the genotyping of the lines are listed in 
chapter 2.3.2. 
 
2.3 Molecular analysis: genotyping the NILs and recombinant plants 
 
2.3.1 DNA extraction 
 
Depending on the number of plants that needed to be genotyped, two different extraction 
methods were used: For the characterization of large segregating populations, the plant 
material was collected in boxes for 96 samples (collection micro tubes, racked 10x96, 
Quiagen, Hilden) and extracted with an DNA extraction robot (BioSprint 96, Quiagen) and 
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the Biosprint plant DNA extraction kit (Quiagen; according to the protocol). If only few 
samples were analyzed (for instance genotyping the F1 generation of crosses), the plant 
material was collected in Eppendorf reaction tubes and DNA extraction was performed, 
using the following protocol: The samples were frozen in liquid nitrogen and tungsten 
carbide beads (3 mm, Qiagen, Hilden) were added to the reaction tubes. Plant material was 
then ground by vortexing and dissolved in 400 µl of extraction buffer (0.1 M TrisHCl 
pH=8; 0.1 M NaCl; 0.05 M EDTA pH=8; 2% SDS) at 37°C. After centrifugation (10 min, 
13000 rpm, room temperature - RT) the supernatant was mixed with an equal amount of 
isopropanol and incubated for at least 10 min at RT. After centrifugation (10 min, 13000 
rpm, RT) the pellet was washed with 200 µl of 70% ethanol and air dried. The dry pellet 
was resuspended in 50 µl of 5 mM TrisHCl (pH=8, containing 10 µg/ml RNAseA). 
 
2.3.2 Marker and marker design to reveal polymorphisms between Ler and Kas-2 
 
Two different kinds of markers were used for the genotyping, simple sequence length 
polymorphism (SSLP) and Cleaved Amplified Polymorphic Sequences (CAPS) markers. 
SSLP marker amplified a length polymorphism between the genotypes and CAPS are 
based on the digestion at the position of a single nucleotide polymorphism between the 
genotypes. To genotype the plant material, SSLP marker were used that were described 
and applied for genotyping the mapping population (El-Lithy et al., 2006). Another source 
of SSLP markers was described in the INRA MSAT database 
(http://www.inra.fr/internet/Produits/vast/msat.php). 
To obtain a higher density of molecular markers, especially on the bottom of chromosome 
five, new markers were designed in this study. Those markers (Table M4) were either 
based on allelic polymorphism information from the webdatabase Multiple SNP Query 
Tool (http://msqt.weigelworld.org) or from sequencing PCR products from Ler and the 
RIL138, respectively. Mainly intergenic regions and introns at the locus of interest were 
sequenced, since a higher density of allelic polymorphism is expected in those regions 
compared to exons. The primers were designed to be usually between 18 bp and 25 bp in 
length with an GC- content between 40% and 60%, one or two G/C-bp flanking the 
sequence and no hair pin or dimer formation that would affect the 3’end of the sequence. 
The program Gene Runner (Version 3.5, Hastings Software Inc., Las Vegas, NV) was used 
to predict the secondary structure of the primers. To asses the quality of the self-made 
markers, they were tested with DNA samples from Ler, RIL138 and heterozygous DNA 
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from a cross between those lines. This was necessary as annotated polymorphisms between 
Ler and Kas-2, according to the web-sources mentioned above, were not always 

























































































































































































Table M4: Self designed markers   
The table lists the marker name and position, primer sequence and the annealing temperature of the 
primers. In the case of a CAPS marker, the respective enzyme used for the digest is listed. In addition, 
the lines that were genotyped with the respective marker are indicated: The NILs used for the validation 
(V; Figure R3b), the recombinant lines R1 to R8 form the first fine mapping (FM1;Figure R13b) and the 
lines R9 to R20 from the second fine mapping experiments (FM2; Figure R14b); * the marker MUL3-1, 
mxk3-5, MAF34 and K21I13 were designed by Dr. Bjorn Pieper (Pieper, 2009) 
 
The markers used for genotyping the selected lines are presented in Table M4, in addition 
the following markers were used: For the NILs (see Figure R3b for genotypes): nga59, 
m1.10, CIW12, nga6, nga76, SO191, nga129, Jv61/62, F15L12, mbk5, K8A10; For the 
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recombinant lines R1 to R8 (Figure R13b): SO262, m5.22, SO191, nga129, K7B16,  
MDF20, F15L12, mbk5, m5.17, K8A10; For the recombinant lines R9 to R20 (Figure 
R14b): nga129, K7B16, MDF20, F15L12, mbk5, m5.17, K8A10. 
 
2.3.3 PCR reactions 
 
The PCR reactions were generally performed with 2 µl DNA sample and 18 µl reaction 
mix that contained: 
12.72 µl  water    (LiChrosolv; Merck) 
2 µl   buffer    (10x Standard buffer; Amplicon) 
1.2 µl   dNTPs   (1 mM; Roche) 
1 µl   of each Primer  (10 µM; Sigma) 
0.08 µl  Taq-Polymerase (5 U/µl; Amplicon) 
 
The PCR reactions were all conducted with a standard program with changing annealing 
temperatures (xx°C) according to the scheme: 
Step one:  3 min   at 93°C 
Step two: 15 sec  at 93°C 
Step three: 45 sec  at xx°C 
Step four: 1.5 min at 72°C  
Step five: 5 min  at 72°C 
Step seven: ∞  at 10°C 
The steps two to four were repeated 35 times. 
The PCR-thermocyclers labcycler (SensoQuest GmbH, Göttingen) and DNA Engine 
Dyad® Peltier Thermal Cycler (MJ Research, Waltham, MA) were used. 
 
2.3.4 Digestion of CAPS markers 
 
If the polymorphism underlying a marker is an SNP the PCR product amplifying this 
polymorphism needed to be digested with an enzyme with differential cutting sites at the 
position of the polymorphism. The digestion was done with 10 µl PCR-product. 5 µl of a 
digestion mix were added to the PCR-product, vortexed and incubated at the enzyme 
specific temperature over night. The digestion mix for ten reactions consisted of 35 µl 
water (LiChrosolv, Merck, Darmstadt), 15 µl buffer (10 x buffer specific for the enzyme 
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from Roche, Mannheim or New Englands Biolabs, Frankfurt am Main) and 0.5 µl enzyme 
(Roche or New England Biolabs). 
 
2.3.5 Characterization of markers on agarose gel 
 
PCR- and digestion-products were mixed with loading buffer (10x Orange G loading 
buffer: 0.5% Orange G, 40% Sucrose, 10 mM TrisHCl with pH=8.5 in 10 ml water) and 
loaded on agarose (Universalagarose, Bio-Budged Technologies GmbH, Krefeld) gels with 
0.03% ethidiumbromide (Roth, Karlsruhe) to separate the different PCR amplified 
fragments. The gels were run in TAE-buffer (40 mM Tris; 0.1% acetic acid; 1 mM EDTA 
at pH=8). Depending on the fragment size a 1 kb marker (Invitrogen, Darmstadt) or a low 
range DNA ladder (Gene Ruler, Fermentas, St. Leon-Rot) was used to asses the PCR 
product size. Pictures were taken on an UV-screen with a digital camera (Gel 




Prior to sequencing, PCR products were loaded on a gel (as described in 2.3.5) to verify 
that only one amplicon was produced. 80 µl of the PCR products were cleaned according 
to the protocol of the QIAquick PCR purification kit (Quiagen). The concentration of these 
samples was determined (Nanodrop, ND-1000 Spectrophotometer, peqlab Biotechnologies 
GmbH, Erlangen) and adjusted to the requirements for sequencing of the in house service 
group. DNA sequences were determined by the Max Planck Institute for Plant Breeding 
Research (MPIZ) DNA core facility on Applied Biosystems (Weiterstadt, Germany) Abi 
Prism 377, 3100 and 3730 sequencers using BigDye-terminator v3.1 chemistry. Premixed 
reagents distributed by Applied Biosystems 
To compare the sequencing results of the different genotypes, the sequences were aligned 
with the program Seqman (Lasergene Seqman, version 7.0.0, DNAStar Inc., Madison, WI). 
 
2.3.7 Allelic comparison of the TPK1-gene 
 
The genomic loci of the TPK1-gene of Ler and of the RIL138 were sequenced using the 
four overlapping primer combinations listed in table M5. Each PCR product was 
sequenced (see 2.3.6) with the forward and the reverse primer. The PCR-reaction and 
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sequencing of the coding regions was done two times (and both individual replicate 
revealed the same polymorphisms). 
The predicted coding regions (gene model At5g55630.1, TAIR 9) of Ler and RIL138 as 
well as of the Col-0 reference sequence from TAIR were translated and aligned with the 
software MegAlign (Lasergene Seqman, version 7.0.0, DNAStar Inc.). 
 
PCR product forward primer reverse primer annealing temperature
No. 1 GAATTGGCCAACTGTGAGAAC GAAATCTTGAGCCATGGTATC 55°C
No. 2 GCCATTGTTACCCACTGAGA GCCAACAATGAAGAGGACTACA 55°C
No. 3 GCTCGTTAGGGCTTTCCAT CGAACTCATCCATTATCCCAG 55°C
No. 4 GAAAGAAATGGGTAAGATTGATG CGAGAAACGACGACTTCC 55°C  
Table M5: Primer combinations for sequencing of the TPK1-loci 
The primer sequences and annealing temperatures for the four PCR products that were used to sequence 
the TPK1-gene are listed. 
 
2.4 Trait quantification for validation and the characterization of the QTL 
 
2.4.1 Quantification of growth related traits 
 
Growth related traits, as rosette weight, root weight and root length were quantified  
32 days after the transfer of the seeds to the light, or after 23 days in case of the long day 
experiment. To measure the weight of the rosettes and roots a computerized balance 
(Pioneer, OHAUS, Pine Brook, NJ) coupled with OHAUS collect 6.1 software (Labtronics 
Inc., Ontario) was used. For the quantification of the root length the total length of the root 
system of individual plants was measured. The roots were dried quickly with tissue paper 
to remove the surrounding nutrient solution before weighting. After the measurement of 32 
days old plants, rosette and root materials were frozen in liquid nitrogen and stored at  
-80°C for RNA extraction (2.4.5) or freeze dried (Christ, Alpha1-4 LSC). To obtain the dry 
weight of the plant material, the freeze dried rosettes and roots were weighted. 
To determine relative growth rate (RGR) pictures of the plants were taken with a digital 
camera (Sony Cyber-shot DSC-F828) fixed to a tripod. The projected leaf area was 
determined at 12, 15, 19, 23 and 26 days after the transfer for the test of the lines RIL135 
and Ler, for the QTL analysis measurements at day 7, 10, 15, 17, 20, 22 had been 
performed. To obtain the leaf area in cm2 the pictures were analysed with the software 
Image Pro Analyser 6.0 (Mediacybernetics Inc., Bethesda, MD). The growth rate of each 
plant was calculated as the logarithm of the rosette area over time (in days-1). 
Quantification of nine replicates of one genotype allowed the calculation of a standard 
error for the RGR.  
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In the QTL analysis the rosette leaf number had been scored at day 22 and 32. 
The response of a growth related trait was calculated as the change of the trait in percent, 
edia (2.1.1) 
trait value reduced mineral supply) / trait value control 
e first or second leaf were 
ken by applying a thin layer of nail polish (clear Maybelin NY express finish). Once the 
g the same camera 
ogical traits: Water loss 
cond leaf was detached and the 
eight determined. Each leaf was placed on a filter paper, kept at room temperature and 
of plants grown in a reduced nutrient supply media compared to the control m
with the formula: 
 
(trait value control – 
 
To estimate the stomata density, prints of the abaxial side of th
ta
polish was dried (1 min), the leaves were pressed on a clear sticky tape (Tesa crystal clear, 
Hamburg) and the imprint of the abaxial epidermis stripped off and fixed to a microscope 
object slide (VWR International GmbH, Darmstadt). The pictures were taken under a 200 
times magnification with a Leica microscope (Axioplan2, Carl Zeiss MicroImaging GmbH, 
Köln) and acquired via a digital camera (DFC 490, Leica Mikrosysteme Vertrieb GmbH, 
Wetzlar) with the software Leica application suite (Version 2.5.0R1, Leica Mikrosysteme 
Vertrieb GmbH). Per line and condition the stomata density on 0.04 mm2 was determined 
of three leaves from three plants (9 to 10 counts per line and condition). 
Root tips of ca 5 cm length of the primary and lateral roots were cut off and placed in 
nutrient solution on a microscope object slide. Pictures were taken (usin
equipment as mentioned above) of the very root tip and the area with the longest root hairs 
(ca. 2 cm to3 cm from the tip). 
 
2.4.2 Quantification of physiol
 
To determine the water loss of the plants, the first or se
w
weighted approximately every 10 min. The balance OHAUS Pioneer coupled with the 
software OHAUS collect (see 2.4.1) allowed obtaining the exact time point of each 
measurement. For each plant leaf the weight loss, which equates the water loss, was plotted 
against the time. The water loss in the first 150 min followed a logarithmic pattern. The 
logarithm of the weight loss (in %) was then plotted against the time and the rate of water 
loos was expressed as the slope calculated from this relationship. Between three and eight 
replicates per genotype and condition were used to calculate a water loss and standard error. 
The averages of four experiments were combined. 
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2.4.3 Quantification of Biochemical traits 
 
2.4.3.1 Total hexose, protein and chlorophyll extraction 
ose-, protein- and chlorophyll- 
ontents. 300 to 500 mg fresh leaf material was ground and the cell debris was washed 
hl b = (20.5*(OD646-OD750) - 4.91*(OD663-OD750)) 
antity of used fresh weight and the 
olume of extract used for the colorimetric analysis. The other half of the sample (750 µl) 
crushed with glas beads (425 - 600 µm, acid washed, 
igma-Aldrich) on a mixer mill (MM300, Retsch, Haan). Between 2 to 5 mg of the 
 
For the QTL detection the leaves had been analyzed for hex
c
three times with 500 µl of 80% ethanol, heated at 80°C for 10 min, to extract sugars and 
chlorophylls. Half of the extracted sample was kept on ice in opaque 2 ml microtubes 
(Sigma-Aldrich, Taufkirchen) and a colorimetric analysis (at 646 nm, 663 nm and 750 nm) 
was performed to calculate the amount of chlorophyll a and b (Chl a, b; Porra, 2002):  
 
Chl a = (12.5*(OD663-OD750) - 2.55*(OD646-OD750))  
C
 
The amount of chlorophyll was divided by the qu
v
was dried over night in a rotary evaporator. The pellet was dissolved in 500 µl of deionised 
water and total hexoses were quantified according to Viola and Davies (1992). For the 
protein extraction 300 to 500 mg crushed, fresh leaf material was washed three times with 
300 µl of 0.1M TrisHCl/ 0.1% Triton X100 pH=7 by vortexing it for 10 min. Protein 
quantification was done in 96 well microtiter plates using Coomassie Plus Protein Assay 
Reagen (Thermo Scientific Inc., Wermelskirchen). 
 
2.4.3.2 Ionomic quantification 
 
The freeze dried samples were 
S
crushed plant material was sent for the analysis. Ion quantification was performed by Prof. 
Dr. David E. Salt (Purdue University, West Lafayette, USA). The lyophilized tissue were 
placed into 100 x 16 mm Pyrex tubes and digested with 700 µl of concentrated HNO3 
(Mallinckrodt, AR Select grade) at 110°C for 4 hours. Each sample was diluted to 6 ml 
with 18 MΩ water and analyzed on a PerkinElmer Elan DRCe ICP-MS. Indium (EM 
Science) was used as an internal standard. National Institute of Standards and Technology 
traceable calibration standards (ULTRAScientific) were used for the calibration. 
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Plant material from four and two experiments for rosette and root materials, respectively, 
was used for the ionomic quantification of the NIL3 and Ler. Three samples per line and 
ooled material of in average two or three 
anscription analysis 
as-2 alleles at the studied QTL on gene expression level on 
 genome wide scale was analysed using Affymetrix microarrays (Fremont, CA). Three 
condition were quantified with each sample containing on average the root material of 
three plants or the rosette material of four plants. 
For the QTL analysis three samples per line and condition had been analysed of the root 





The effect of the presence of K
a
replicates (from independent experiments) per line (R5, Ler) and per condition (control, 
reduced potassium) were hybridized on arrays. Equal amounts of leaf material pooled from 
at least three plants per line and condition were used for each experimental replicate. The 
plant material was ground in liquid nitrogen with a cordless motor (Kontes, Gerresheimer) 
and 1.5 ml Pellet Pestles (Kontes, Gerresheimer) in RNase-free 1.5 ml microfuge tubes 
(Ambion, Darmstadt). Total RNA was extracted using the RNeasy plant mini kit (Quiagen) 
according to the manual. The RNA quality was controlled on the basis of the 18S/26S 
rRNA ratio determined with Bio Analyzer (Agilent Technologies). Transcriptomes were 
analyzed using 1 µg of total RNA as starting material. Targets were prepared with 
MessageAmpII-Biotin Enhanced Single Round aRNA Amplification Kit (Ambion) and 
hybridized to ATH1 gene chips (Affymetrix) for 16 hours as recommended by the supplier 
(Gene expression analysis manual, Affymetrix). Chips were read out with the Gene chip 
scanner 7G (Affymetrix). RNA quality control and all subsequent steps were performed by 
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2.5 Statistical analysis 
 
2.5.1 QTL detection 
 
For each trait, the values per RIL were averaged and a QTL analysis was performed with 
MapQTL 5.0 (Van Ooijen, J.W., 2004 MapQTL®5, Software for the mapping of 
quantitative trait loci in experimental populations. Kyazma B.V., Wageningen, 
Netherlands) using the MQM procedure. Incompatible lines (Alcázar et al., 2009) were 
removed from the QTL analysis in order to avoid confusion of effects on growth-related 
traits. A permutation test using 1000 permutations of the original data resulted in a genome 
wide 95% LOD threshold of ~2.4 for every trait. Markers, used as cofactors, have been 
chosen by backward selection. For each detected QTL, a marker near the QTL was used as 
a cofactor in the final model. 
 
2.5.2 The Gaussian error propagation 
 
A standard error of the response was estimated by using the Gaussian error propagation 
(Tipler and Mosca, 2004). If a value Y is derived from several values X1 to Xm, each with 

























. dY/dXj is 
the differentiation of the value Y for the value Xj. For the response the calculation would 
















sterrresponse , where C is the trait value 
in the control and R the trait value in the reduced nutrient supply. dC and dR are the 
respective standard errors of the traits in the two conditions. 
 
2.5.3 Significance tests 
 
A Student-Newman-Keuls test (SNK) was used to test the significant difference of the 
responses of Ler, RIL138, the NILs or the recombinant lines (using SPSS 13.0 for 
Windows, SPSS GmbH Software, München). 
For the ionomic comparison and the water loss between the NIL3 and Ler the significance 
was tested by an ANOVA (univariate linear model; using SPSS 13.0 for Windows).  
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2.5.4 Statistical analysis of the microarray data 
 
The data analysis was performed by Dr. Ulrike Göbel (Bioinformatics Service, Max Planck 
Institute for Plant Breeding Research, Cologne) using an R-script based on the rank 
product method of Breitling et al (2004). Prior to analysis, the expression values were 
normalized by the RMA procedure (Irizarry et al., 2003) as implemented in the Affymetrix 
package (Gautier et al., 2004). The assignment of ATH1 probe IDs to genes was done 
using the ath1121501.db package (TAIR version April 2009). The chip quality was 





3.1 QTL mapping in different nutritional regimes (by Dr. Barbier and Dr. Reymond) 
(Published in Prinzenberg et al., 2010 after thesis submission) 
 
To detect genetic regions that are involved in growth related traits in different nutritional 
regimes, Dr. Barbier and Dr. Reymond performed a QTL analysis in three environmental 
conditions: A control medium with a standard level of nutrients for plant cultivation; a 
medium that was reduced in potassium supply by 3.3-fold and a medium reduced in 
phosphate supply by 4.1 times. 125 lines from a Ler/Kas-2 RIL population (El-Lithy et al., 
2006) were grown with nine replicates in all three conditions. To apply the different 
mineral nutrient regimes a hydroponic system was used similar to the one described in 
Toquin et al. (2003). Growth related traits (rosette weight, relative growth rate, root weight, 
root length and leaf number) were quantified after 32 days of growth in the respective 
nutrient regime. In addition, biochemical traits (e.g. total protein and hexose content) and 
ion contents of several mineral nutrients and trace elements in the rosette and root were 
quantified for all lines of the mapping population. With these data sets, a QTL analysis was 
performed for each trait in each condition but also for the response (percentage of change 
between the trait in the control and in one of the reduced mineral supplies) of each trait to 
the low potassium or phosphate regime. For all the quantified traits QTL were detected, 
some were constitutive and some were specific to one or two growth conditions. The QTL 
analysis (Table A1 in the appendix) revealed the presence of in total 333 QTL for all 
conditions and 48 QTL for the response of the measured traits to potassium or phosphate 
(Figure R1). The QTL detected in a single growth condition (control, lowered potassium 
supply or lowered phosphate supply) usually explained between 2% and 30% of the overall 
trait value, just four QTL (one for sodium and three for molybdenum content) explained 
from 38.3% up to 62.1% of the trait variation. The response QTL explained between 6.1% 
and 22.1% (with the exception for rosette molybdenum content in response to the lowered 
phosphate supply which explained 40.9%). Response QTL were detected for rosette weight, 
relative growth rate (RGR), root length and most ion contents. There was no apparent 
clustering of the response QTL, they were detected all over the genome. The highest 
amount of co-localizing response QTL was on the bottom of chromosome five with ten 
response QTL (Figure R1).  
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Response QTL reflect the answers of a plant to changing environmental conditions. Their 
allelic values influence a trait differentially in different growing conditions. In the QTL 
detection these different conditions comprise the three mineral nutrient media. The 
response QTL should therefore highlight genetic regions that have differential effects on 
plant growth in control media and in a reduced potassium or phosphate supply and may be 
involved in adaptation to the changing mineral nutrient supply. 
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Figure R1: Response QTL to reduced potassium and reduced phosphate supply (Dr. Barbier and 
Dr. Reymond) 
The five chromosomes of Arabidopsis thaliana (marker are indicated by ticks) are represented as bars 
(Chr. one to five from the top to the bottom) on the left of the figure. The response QTL for each trait 
are indicated by colored boxes (red for QTL detected in response to reduced phosphate supply and 
green for QTL detected in response to reduced potassium supply). The thickness of the boxes indicates 
the R2 (see legend). The measured traits are rosette weight, relative growth rate (RGR), root weight, root 
length, chlorophyll a and b content (Chl a, Chl b), total protein and hexose content, ion contents in the 
rosette (-rs) and in the root (-rt) and the leaf number at day 22 and day 32 (L22, L32). 
 
3.2 Validation of growth response QTL for lowered potassium and phosphate supply 
 
According to the QTL analysis (Figure R1), three response QTL were detected in the  
Ler/Kas-2 RIL population that affect the growth related traits: One for rosette weight in 
response to reduced potassium supply and two in response to reduced phosphate supply, 
for relative growth rate of the rosette and for root length. A way to validate biologically the 
effect of a detected QTL is to observe contrasting phenotypes in near isogenic lines (NILs) 
or heterozygous inbred family (HIF) lines. Therefore, RILs were selected according to 
their genotype that were appropriate starting material to construct NILs. The selected lines 
had a mainly Ler or Kas-2 allelic background. At the locus of the QTL they contained 
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alleles different from the respective allelic background (as well as on some other loci; 
Figure R2b). If the QTL effect can be validated, these RILs should have a different 
response compared to Ler or Kas-2 (depending on the allelic background of the RIL). To 
phenotype the RILs and the two parental accessions, the lines were grown in the same 
hydroponic system which was used for the mapping experiment (3.1). The respective trait 
value (rosette weight, RGR or root length) was determined for the plants grown in the 
control condition and in either the lower potassium or the lower phosphate supply, 
depending on the QTL effect that was under investigation. Further, the response was 
calculated as the trait change in percent between the control and the lowered nutrient 
condition. The rosette weight response QTL for lowered potassium supply is located on the 
bottom of chromosome five (marker snp97, 68.3 cM/ 17.2 Mbp) and it explained 9.3% of 
the trait variation. According to the QTL detection, the additive effect (that predicts the 
trait difference between the two allelic values) was 14% and the Ler allele conferred the 
more positive rosette weight response (Table A1). For the rosette weight response QTL, 
the line RIL138 was selected for confirmation of the QTL effect. RIL138 contains only 
two Kas-2 introgressions, one on the top of chromosome one and one on the bottom of 
chromosome five, in an otherwise Ler genetic background. Being Kas-2 at the bottom of 
chromosome five, the RIL138 should therefore have a 14% lower response of rosette 
weight to the reduced potassium supply than Ler. Although, Ler and the RIL138 did not 
show significantly different responses, the RIL138 had a 4.5% lower response than Ler 
(Figure R2). The phosphate response QTL on chromosome one is located at the marker 
position snp177 (89.5 cM/ 26 Mbp). The QTL explains 14.6% of the variation in RGR 
response and conferred a 5% higher response for the Ler allele (Table A1). The line 
RIL135 differs from the parental line Kas-2 at the position snp177, which is the location of 
the RGR response QTL and at few other genetic positions. Therefore, the RIL135 was 
expected to have a 5% higher response in RGR but its response did not differ from Kas-2 
(Figure R2). The last growth related response QTL, for root length in response to lowered 
phosphate supply, was also located on chromosome one but at the top, at the marker m1-10 
(23.1 cM/ 7.3 Mbp). This response QTL explained 15.6% of the root length response and 
the Ler allele conferred a 8% higher response than the Kas-2 allele. RIL85, had an Ler 
allelic introgression on chromosome one in an otherwise mainly Kas-2 background. The 
Ler introgression on chromosome one included the marker M1-10. At this position, the 
QTL for root length response is located and this QTL should confer the 8% higher 
response of root length to the RIL85 compared to Kas-2. In contrast to these mapping 
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predictions, the root length response of the RIL85 was of opposite effect than that of Kas-2. 
The root length of Kas-2 decreased by 43%, while the root length of RIL85 increased by 
3% (Figure R2). The effect of the RGR response QTL could not be established with the 
RIL135 and its validation was not pursued. The RIL85 showed a significant response 
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Figure R2: RILs tested for response QTL effects 
The three RILs (138, 135 and 85) presented here were selected according to their genotype to examine 
the response QTL effect in comparison to another line with a different allelic value at the QTL position 
(indicated by a red circle in the schematic presentation of the genotype differences). The bar chart 
shows the response of the tested lines to reduced potassium (green) and phosphate (red) supply 
compared to plants of the same genotype grown in a control media (a). The growth related traits tested 
are rosette weight in response to reduced potassium and relative growth rate (RGR) and root length in 
response to reduced phosphate. The lighter-colored, dashed bars represent the response value of the 
RILs that would be expected according to the QTL mapping when compared to the parental line 
(RIL138exp, RIL135exp and RIL85exp). Beneath the bar chart are the schematic presentations of the 
genotypes of the compared lines (the red circle highlights the position of the respective QTL).  
Ler RIL138 Kas-2 RIL135 Kas-2 RIL85 
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as its basis is likely to be known already. Svistoonoff et al. (2007) identified the gene 
LPR1 as the genetic basis for a QTL for primary root growth arrest in response to 
phosphate starvation that co-localizes with the described root length response QTL. The 
RIL138 did not differ significantly from Ler in its response of rosette weight but there was 
a convincing tendency for the right effect. Furthermore, the potassium response QTL on 
bottom chromosome five was not described before. Taken together, the RIL138 was an 
appropriate line to construct NILs for validation. In order to build NILs, the line RIL138 
was backcrossed to Ler and NILs were selected in the 2nd generation of the backcross 
(BC1F2). The NILs have a Ler genome, except for a Kas-2 introgression that comprises 
the lower half of the chromosome five (from the marker lkbot5.1 at 10.1 Mbp to the 
bottom; Figure R3b). The NILs one and two contain a small heterozygous introgression on 
top of this region (at the marker lkbot5.1). Ler and the NILs were grown in the hydroponic 
system in a control medium and a reduced potassium supply medium. The potassium 
content of the reduced potassium medium was further decreased compared to the mapping 
experiment (see 3.3.1.1). The NILs rosette weight responses to the reduced potassium 
supply were between 10.7% ±7% and 15.3% ±4.1% while Ler responds with an effect of 
34.3% ±4.8% (Figure R3a). These values are averages of the response of the lines in three 
independent experiments. The NILs rosette weight responds far less to the applied low 
potassium regime than Ler but also less than the one of RIL138 (23.3% ±7.4%; Figure 
R3a). According to a Student-Newman-Keuls test the responses of Ler and the NILs can 
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Figure R3: The responses of Ler, the RIL138 and the selected NILs to reduced potassium supply 
Ler, the RIL138 and the three NILs that were derived from a cross between Ler and the RIL138, were 
grown in control media and in 20-fold reduced potassium supply. The response of the rosette weight to 
the two different conditions was calculated as a change in percent (a). The data was derived from an 
average of three independent experiments and the letters indicate the two different groups (a,b) 
identified by the Student- Newman-Keuls test (95% confidence interval). The genotypes of the lines are 









3.3 Characterization of the validated, potassium-responsive QTL on bottom 
chromosome five 
 
3.3.1 Different applied growth conditions 
 
3.3.1.1 Different levels of potassium reduction do not affect the QTL 
 
The initial phenotyping of the RIL138, in the conditions used for QTL mapping, revealed a 
tendency for a rosette weight response that was in accordance with the response QTL on 
bottom chromosome five. To validate the QTL and to fine map it, the difference in 
response between Ler and the RIL needed to be increased. One hypothesised possibility to 
increase that response difference, was to increase the level of potassium reduction in the 
solution and thereby the stress. This may trigger increased differences between the growth 
responses of Ler and the RIL138. 
In the mapping experiment the potassium concentration was 3.3-fold lower in the reduced 
potassium supply (855.5 µM) than in the control (2855.5 µM). The solution was buffered 
with potassium hydroxide. To increase the potassium concentration, the buffer needed to 
be replaced by a buffer which pH was adjusted with sodium hydroxide. By these means the 
solutions potassium concentration could be reduced by 5 times (430.1 µM), 10 times 
(215.05 µM), 13 times (161.3 µM), 20 times (107.5 µM) and 40 times (53.8 µM) 
compared to the new control solution (2150.5 µM). In addition, a solution without 
potassium (0.5 µM remained as counter-ion for iodide which could not be replaced) was 
used as a negative control. The plants grown in this solution without potassium died in the 
seedling stage. Ler and the RIL138 were grown in the different levels of low potassium 
supply and the responses were calculated (Figure R4). The data are from single 
experiments and the error is calculated from the variation of the line within one condition 
according to the Gaussian error propagation (Tipler and Mosca, 2004; see material and 
methods). Independent of the reduction in potassium supply, the response of Ler was 
always more positive than the one of RIL138. The response in the 3.3, 20 and 40 times 
reduced potassium media was clearly different between the lines. The difference in 
response was largest in the 3.3- and in the 20-fold reduction. The significant difference 
between the lines could be an experimental effect of this single experiment but the 
response difference proved to be reproducible for the 20-fold reduction in all subsequent 
experiments. The rosette weight decreased markedly in the 20-fold reduced potassium 
supply showing the significant impact of this growth condition on both genotypes. The 
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weight difference between the lines in each condition (a growth trait that was observed at 
this time instead of the response) was greater in the 20 times reduced potassium supply 
than in the 3.3 times. Furthermore, the variation of the fresh weight within one genotype 
was slightly lower in the 20-fold reduction than in the 3.3-fold reduction over several 
experiments (data not shown). Altogether, this led to the choice of the 20-fold reduced 
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Figure R4: Response of rosette weight to varying levels of potassium supply 
Ler and the RIL138 were grown in a control solution and in different levels of reduced potassium 
supply. The calculated responses for Ler (blue line) and the RIL138 (red line) are plotted against the 
corresponding potassium concentrations of the growth media. Standard errors are calculated by the 
Gaussian error propagation from one experiment. 
 
3.3.1.2 Growth in different day length does not affect the QTL 
 
The mapping experiment was performed in 8 hours light conditions to allow a maximum 
time span of vegetative growth and thereby prolong the time span in which the plant is 
exposed to the reduced potassium media. The onset of flowering time which was shown to 
interfere with growth related traits (Chen et al., 2009; Mendez-Vigo et al., 2010) was 
further avoided by the growth in short day. However, Ler, the RIL138 and the NIL3 were 
grown in long day conditions (14 hours light) to evaluate the effect on the rosette weight 
response. Some potassium transport proteins were shown to be regulated by light and 
photoassimilate dependent processes (Deeken et al., 2000; Dietrich et al., 2001) and the 
increased growth rate in the long day conditions (Cookson et al., 2007) might trigger a 
higher need for potassium. The rosette weight was measured 23 days after the transfer of 
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the plants to the long day growth cabinet, at this time point the plants started to bolt (the 
bolting occurred simultaneously for all lines in these conditions, while the NILs were 
delayed in flowering time on soil). The relative effect on rosette weight response to the 20-
fold reduction in potassium concentration was similar in long days as in short days. Ler 
reduced its rosette weight by 40.8% ±7.6%, while the RIL138 and the NIL3 reduced their 










































Figure R5: Growth responses of Ler, RIL138 and NIL3 to reduced potassium supply in 14h light 
The three different genotypes were grown in the control and the 20-fold reduced potassium media in 
long day conditions with 14 hours light. The response of rosette was calculated and standard errors were 
determined by the Gaussian error propagation from one experiment. 
 
3.3.1.3 The QTL is ammonium sensitive 
 
It was shown that the high affinity potassium uptake mechanism can be sensitive to 
ammonium (Hirsch et al., 1998; Spalding et al., 1999; Szczerba et al., 2008). Ammonium 
was absent from the solutions used for the mapping and the validation experiments. To test, 
if ammonium has an impact on the QTL effect, Ler and the three NILs were grown in 
control and 20-fold reduced potassium media with and without ammonium. One quarter of 
the nitrogen supply in the growth media was given as ammonium. This ammonium 
concentration is far from being toxic to the plant (Britto et al., 2001) and the plants looked 
healthy, in both control solutions (e.g. no signs of chlorosis; Walch-Liu et al., 2000). The 
rosette weight in the ammonium supplied control media was not negatively affected but 
44 
Results 
even increased. The NILs grown in the control with ammonium compared to the control 
without ammonium increased their rosette weight on average by 39% ±10%, whereas Ler 
had the same rosette weight in the control conditions with and without ammonium. When 
the growth in the lower potassium supply without and with ammonium is compared, Ler 
had a slightly higher rosette weight (19% ±16%) when ammonium was added to the 
solution. The NILs did not significantly change their rosette weight when ammonium was 
added to the reduced potassium supply media.  
From those rosette weight measurements, the response to the reduced potassium regime 
was calculated for the lines grown without additional supply of ammonium (medium used 
for validation) and with ammonium (Figure R6). The addition of ammonium increased the 
response of the NILs rosette weight to reduced potassium supply drastically from on 
average 6 % ±8% to 36% ±5% while in Ler the response decreased in tendency (from 32% 
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Figure R6: Rosette weight response of Ler and the NILs without and with ammonium (NH4) in 
the nutrient media 
The four lines were grown in parallel experiments in control media and 20-fold reduced potassium 
media without and with ammonium and the response of the rosette weight was calculated. The data was 





3.3.2 Characterization of additional growth related traits observed for the QTL 
 
3.3.2.1 The response of the rosette dry weight and fresh weight correspond 
 
The validated QTL on bottom chromosome five affects the response of rosette weight to 
reduced potassium supply. To see, if this is due to a difference in biomatter or in osmotic 
pressure and thereby water content, the dry weight of the lines used for validation was 
calculated. Ler showed a higher rosette dry weight response of 27% ±9% than the NIL 
with 11% ±8%. The dry weight of the RIL138 and Ler was also determined for the 
different levels of potassium reduction that were tested in chapter 3.3.1.1. In all cases, the 
rosette dry weight response of Ler was more negative than the one of RIL138. This is the 
same trend that was observed for the rosette fresh weight response (3.3.1.1). Ler and the 
RIL138 showed a significant response difference to the 20-fold (40.1% ±8.7% vs. 16.4% 
±9.4%) and the 40-fold (32.4% ±9.2% vs. 8.8% ±10.7%) potassium reduction. 
Furthermore, a correlation plot between the dry and fresh rosette weight response, over all 
tested potassium reductions, showed a very high correlation between the two traits (Figure 
R7). The dry weight response and the fresh weight response are highly similar which 













-70 -50 -30 -10 10 30 50




































Figure R7: Correlation between fresh and dry rosette weight response of Ler and RIL138 
Ler and the RIL138 were grown in a control solution and in different concentrations of potassium (see 
3.2.1.1) and the responses of rosette fresh weight and dry weight were calculated. The responses of fresh 
weight and dry weight were plotted against each other.  The level of potassium reduction is indicated by the 
size of the dots which increases with the increase in potassium reduction (smallest dot represents 3.3-fold and 
the largest 40-fold of potassium reduction, respectively). The Pearson correlation coefficient for each line is 
indicated (r). Data were derived from one experiment. 
 
3.3.2.2 Root growth effects of the QTL: the root weight response is similar to the 
rosette weight response 
 
The root weight and the root length of Ler and the NIL3 were measured at 32 days in both 
the control and the reduced potassium supply and the responses to reduced potassium 
supply were determined. The root weight response is identical to the rosette weight 
response for both genotypes, the NIL3 reduced its root weight less compared to Ler 
(Figure R8). The root length was not significantly affected by the treatment and did not 





































Figure R8: Root growth responses corresponding to the rosette weight response of Ler and the 
NIL3 to potassium reduction 
The rosette weight and the root weight of Ler and the NIL3 was obtained from plants growing in control 
media and in 20-fold reduced potassium supply and the responses for rosette weight, root weight and 
root length was calculated. Only plants from which all three traits could be measured were used for the 
calculation, to be able to compare the responses to each other (reliable root data could not be obtained in 
all cases, as the roots of several plants can intertangle in the solution).The data was obtained from two 
independent experiments with three to eight replicates per line in each condition. 
 
Root hairs are important for potassium uptake (Ahn et al., 2004) and some crops were 
shown to increase root hair length in response to low potassium supply (Rengel and 
Damon, 2008). For A. thaliana a considerable natural variation for root hair density and 
length was described (Narang et al., 2000) but not correlated with low potassium supply 
unless ammonium is present in the growth media (Amtmann et al., 2005). To assess if 
differences in root hair growth are associated with the QTL effect, the root tips were 
photographed under a microscope and the pictures of Ler and NIL3 compared to each 
other in both conditions. The root hairs did not show any obvious differences in length nor 








Figure R9: Exemplary pictures of root hairs of Ler and the NIL3 
The pictures show the root tip and the root at the zones of maximal root hair length. Roots of Ler (on 
the left) and the NIL3 (on the right) are shown that were grown in the control and 20-fold reduced 
potassium supply (red. K+). The scale bars in the pictures represent a length of 500 µm. 
 
3.3.2.3 Kas-2 alleles at the QTL are associated with a reduction of water loss 
 
The water loss of Ler and the NIL3 was determined by assessing the weight loss of a 
detached leaf over time (Guo et al., 2003; Galpaz et al., 2008). The weight and thereby the 
water loss followed a logarithmic pattern for each leaf (Figure R10). The water loss of four 
to eight plants per genotype and condition was determined in four experiments. The slope 
of the logarithm of the weight loss over time (rate of water loss) was calculated for each 
leaf and an average per genotype, condition and experiment determined (bar chart in figure 
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R10). The change in the rate of water loss, the response, between the control and the 
reduced potassium supply was calculated with those values. There was no significant 
difference for this water loss response between Ler and the NIL3 (data not shown). 
However, the lines showed significant differences in the rate of water loss when grown in 
the control as well as 20-fold reduced potassium supply: The rate of water loss of Ler is 
always less than that of the NIL3 (bar chart in figure R10). The average water loss rate is 
less in the reduced potassium media for both lines, although, this difference is only 
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Figure R10: Water loss of Ler and the NIL3 in the control and reduced potassium regime 
The figure contains data points for the weight loss of detached leaves over time of individual plants and 
four experiments. A logarithmic trend line was determined (with Excel) for each genotype in the control 
and reduced potassium supply (red. K). The very low values of the NIL3 in the control, around 40% of 
the original fresh weight, belong all to one plant that had a slightly higher water loss than the other 
plants but did not affect the average significantly. The bar chart shows the average rate of water loss for 
each genotype and condition and the asterisk indicate significant differences between Ler and the NIL3 






3.3.2.4 No differences in stomata density coincide with the QTL effects 
 
The difference in water loss can be attributed to a difference in stomatal aperture, 
movement or density. Pictures of prints of the abaxial leaf side were taken of the NIL3 and 
Ler. Those plants were either grown in the hydroponic system (in the control and in 20-
fold reduced potassium media) or under regular greenhouse conditions on soil. The number 
of stomata on an area of 200 µm by 200 µm was scored per line and condition. Ler had on 
average 10.7 ±3.9 stomata in the control and 8.7 ±1.6 in the low potassium supply 
condition and the NIL3 had 8.6 ±1.3 and 8.4 ±2.6, respectively. On soil, the average 
number of stomata on this area was 4.5 ±1.2 and 5.3 ±1.2 for Ler and the NIL3, 
respectively. No apparent differences in size or distribution of the stomata have been 
observed between Ler and the NIL3. 
 
3.3.3 Ionomic differences between Ler and the NIL3 
 
Several ion content response QTL co-locate with the rosette weight response QTL on the 
bottom of chromosome five (Figure R1). Although, there were differences in the response 
of some measured ion contents between Ler and the NIL3 (for sodium, magnesium and 
copper content response in the rosette and nickel concentration response in the root) none 
of the detected ion content response QTL (Figure R1) could be validated. However, in the 
region of the Kas-2 introgression of the NILs, are 29 QTL for ion content in either the 
control or the reduced potassium supply (Appendix Table A1). The rosette and root 
ionome of the NIL3 and Ler was compared and 14 of the QTL could be validated, one of 
those QTL was of opposite effect (Mg_rs; Figure R11). The QTL for cadmium (Cd) 













































































































Figure R11: Ionome of the NIL3 compared to Ler 
The ion content (element abbreviations on the x-axis) of the NIL3 and Ler were determined in the 
rosette (rs) and in the root (rt) of plants grown in the control condition and the 20-fold reduced 
potassium supply. The relative ion content of the NIL3 compared to Ler is shown in percent, the 
asterisk indicate significant ion content differences (*p<0.05, **p<0.005, ***p<0.001). The arrows 
indicate the presence of ion content QTL according to the QTL mapping by Dr. Barbier and 
Dr.Reymond (arrows point upwards: Kas-2 allele confers higher ion content). In some cases, QTL for 
the same trait and with the same allelic effect co-located (in control: K_rs, Zn_rs, Rb_rs; in reduced 
potassium supply: K_rs), these QTL were indicated by only one arrow in the figure. These are 
combined data from four experiments for the rosette ion content and from two experiments for the root 
ion content. 
 
not be tested, as the concentration of this ion was too low in Ler and NIL3. For the 
remaining 14 QTL, the ion content was not significantly different between the lines. 
However, in eleven of these cases, the ion content differences between Ler and the NIL3, 
were in tendency according to the QTL analysis. Furthermore, six significant ion content 
differences between Ler and the NIL3 were not predicted by the QTL analysis (B_rt, Na_rt, 
Fe_rs, Ni_rt in the control and Mn_rt, Co_rs in reduced potassium supply; Figure R11). 
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Among the validated ion content QTL were two rosette potassium content QTL for the 
control and two in the reduced potassium regime. All of them should confer higher 
potassium content if the genomic region is Kas-2. Indeed, the NIL3 had a 19% ±7% higher 
rosette potassium content in the rosette than Ler if grown in the control condition and a 
12% ±9% higher potassium content if grown in the reduced potassium regime. A similar 
allelic effect can be seen for the rosette rubidium content (Rb_rs), the NIL3 had a higher 
rubidium content than Ler (35% ±9% and 43% ±19% in control and reduced potassium 
media, respectively). Furthermore, a root potassium content QTL was detected in the low 
potassium regime that was involved in a reduction of potassium content if the locus was of 
Kas-2 allelic value. The NIL3 had in fact a 13% ±7% lower potassium content in the root 
than Ler. 
 
3.3.4 Dominance of the Ler allele at the QTL position 
 
All characterized lines so far (Ler, RIL138, the NILs) were homozygous for the QTL. To 
determine the dominance effect of the alleles, heterozygous plants for the QTL region were 
tested for their rosette weight response to reduced potassium supply. Seeds of the first 
generation (F1) of a cross between Ler and the NIL3 and Ler and a subNIL were used. The 
subNIL was shown to respond to the reduction of potassium like the other NILs and can 
therefore be recognized as another NIL in this experiment. The homozygous Kas-2 
introgression of this subNIL was smaller than in the NILs. The subNIL was the parental 
line of the recombinant line R6 (Figure R13) and differed from this line only in a 
heterozygous introgression between the marker SO191 (15.02 Mbp) and lkbot5.8 (18.37 
Mbp). Ler, the NIL, the subNIL and the heterzygote F1 were grown in control and 20-fold 
reduced potassium media and their rosette weight response was determined. The F1 plants 
were genotyped to confirm the heterozygosity in the QTL region after harvest (marker: 
lkbot5.1, lkbot5.8, K8A10). The response of the plants which are heterozygous at the QTL 
position was identical to the response of the Ler parent (Figure R12). The Ler allele is 














































Figure R12: Allelic dominance at the QTL position 
The figure shows the average rosette weight response to 20-fold reduced potassium supply for Ler, the 
NIL and subNIL (Kas-2 at QTL; see text) and the F1 of Ler x NIL3 and Ler x subNIL (heterozygous at 
QTL). The response values are averages from two independent experiments. 
 
3.4 Fine mapping of the rosette weight response QTL on chromosome five 
 
To elucidate which genes are underlying the QTL effects, lines carrying homozygous 
recombinant events in the QTL region were selected (in a Ler allelic background). These 
homozygous recombinants were selected in the fourth generation of the first backcross of 
the RIL 138 and Ler (BC1F4). Ler, the NIL3 and selected recombinant lines (Figure R13b) 
were grown in the control and the 20 times reduced potassium supply media and the 
response of the rosette weight was calculated (Figure R13a). When their response is 
compared to the response of Ler and the NIL3 it can be seen that the lines R1 and R2 
responded like Ler and the lines R5 to R8 responded like the NIL3. The lines were tested 
by a Student-Newman-Keuls (SNK) test and could be distributed into three overlapping 
groups. Although, Ler and the NIL3 fell together in group b, the lines R1 and R2 were only 
in one group with Ler (a) while the lines R5 to R8 fell into one group with the NIL3 only 
(c). The Kas-2 introgression that caused the low response phenotype of the NIL can be 
reduced to a region common to the lines R5, R6, R7 and R8 which is between the marker 
CNGC4_11 (22.03 Mbp) and the marker K8A10 (26.77 Mbp) at the very end of the 
chromosome five. The line R2 covers with its Kas-2 introgression a region from marker 
lkbot5.1 (which marks the upper end of the Kas-2 introgression of the NIL3; 10.1 Mbp) to 
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Figure R13: Fine mapping I, the recombinant lines R1 to R8 
The rosette weight response to 20-fold reduced potassium supply (a) of Ler, NIL3 and the recombinant 
lines is presented (average from two or three experiments). The lines differ in their genotype on 
chromosome five which is schematically presented (b): grey represents Ler and black Kas-2. The lines 
can be divided into three overlapping groups, a, b and c, according to the Student-Newman-Keuls test 
(confidence interval of 95%). Possible fine mapped regions (according to the four proposed 
hypothesises I to IV, see text) are indicated by the clamps on the right side of the genotypic 
representation. The statistical implication of each marker in the response value was tested by an 
univariate ANOVA and the p-values were plotted (logarithmic scale) at the left side of the genotypes 




(10.1 Mbp to 18.57 Mbp) is not involved in the QTL effect. It can be clearly deduced from 
these data that the region causal to the QTL effect is between the marker CNGC4_11 and 
K8A10. If this region can be reduced further and how many genes are involved, depends 
on the interpretation of the other lines R1, R3 and R4. The line R1 responded like Ler and 
contained two small Kas-2 introgressions one at the markers lkbot5.1/SO262 (which is not 
causal to the QTL effect) and one from the marker F15L12 (24.2 Mbp) to the marker 
mxk3-5 (25.99 Mbp). The lines R3 and R4 had an intermediate response between the 
response values of Ler and the NIL3 (the lines were present in all groups of the SNK test). 
However, with 21.3% and 19.8%, their responses were more similar to Ler (26.7%) than to 
the NIL (11.1%). Furthermore, the line R3 had only a very small Kas-2 introgression 
between the markers lkbot5.2 and SO191. This region is also Kas-2 in the line R2 which 
responded like Ler and does not belong to the common region of the lines R5 to R8. 
Altogether, this indicates that the line R3 is an outliner that should not be taken into 
account. There are now four possible hypothesises (I-IV) where the causal introgression 
might be, depending mainly on the interpretation of the response of the line R4. If R4 can 
be evaluated as response similar to Ler, the genetic region conferring the NIL-response 
could be a single gene on the very bottom of chromosome five from the marker mxk3-5 
(25.99 Mbp; last marker of the Kas-2 introgression of line R1) to the very end (hypothesis 
I). This region is common to the lines R5 to R8 and cannot be excluded by the lines R1 to 
R4. Or the phenotype is caused by regions with epistatic effect (which would need to be all 
present in order to produce the phenotype) in the region from 22.03 Mbp (CNGC4_11) to 
the very bottom of the chromosome (hypothesis II). The lines R1 and R4 would not cover 
all of these regions with their Kas-2 introgressions and thus respond like Ler. If the line R4 
would show a true intermediate response phenotype, there are two regions involved of 
which the line R4 covers only one. Those regions would be below and above the Kas-2 
introgression of the line R1, as this line shows a clear Ler-like response and not an 
intermediate response: The upper region would be between the markers CNGC4_11 
(22.03Mbp) and F15L12 (24.2 Mbp) and the lower region would be below the marker 
mxk3-5 (25.99 Mbp) to the end of the chromosome (hypothesis III). Lines covering this 
lower region would also be expected to show an intermediate phenotype. The involvement 
of each marker in the response was tested with an univariate ANOVA and the p-value 
distribution (Figure R13b) confirms the hypothesis on the two additive regions. The last 
hypothesis could be: The line R4 behaves like the NILs and thereby the QTL would be 
located to a single region from 22.03 Mbp (CNGC4_11) to 24.2 Mbp (F15L12) which is 
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common to the lines R4 to R8 and excluded by the line R1 (hypothesis IV). Additional 
recombinants (R9 to R20; Figure R14b) were selected in the F5 of the original backcross 
of RIL138 and Ler (BC1F5) and the third generation of the second backcross of a BC1F3 
line with Ler (BC2F3). The lines R16 to R20 showed a response similar to the NIL (Figure 
R14a) and shared a Kas-2 introgressions between the markers CNGC4_11 and m5.17. The 
region of interest can therefore be reduced to this region from 22.03 Mbp (marker 
CNGC4_11) to 25.95 Mbp (marker m5.17; Figure R14). How many genetic regions are 
involved in the phenotype cannot be clarified but the initial hypotheses can be refined: The 
lines R16 to R20 clearly exclude the bottom of the chromosome five (m5.17 to K8A10) 
from the region causal to the QTL effect. In addition, two lines that carried a Kas-2 
introgression at the very end of the chromosome five from 23.1 Mbp (R10) or 25.5Mbp 
(R9) showed a clear Ler response and thereby also excluded that region from the fine 
mapping area. The hypotheses including the bottom of the chromosome five (I and III) do 
not hold true any more and can be neglected. That means, the QTL is either caused by one 
gene or two or more genes with epistatic effect. If only one gene would be causal to the 
QTL effect, it would be in the region from 22.03 Mbp (marker CNGC4_11) to now 23.1 
Mbp the position of the marker MUL3-1. MUL3-1 marks the beginning of the Kas-2 
introgression covered by the line R10 that responded like Ler. This region would be in 
accordance with the marker per marker ANOVA test, performed on the recombinant lines 
R9 to R20 (Figure R14) which indicated a region from 19.1 Mbp to 22.63 Mbp to be 
significantly involved in the response. However, that would mean that the line R4 (Figure 
R13) would need to respond like the NIL, as R4 is Kas-2 at the region from 22.03 Mbp to 
23.1 Mbp. It was already stated that the response of the line R4 was more similar to Ler in 
the single experiments, which means that the hypothesis II is more likely and the QTL 
effect is caused by two or more genes with epistatic effect in the region from 22.03 Mbp 
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Figure R14: Fine mapping II, the recombinant lines R9 to R20 
The rosette weight response to 20-fold reduced potassium supply (a) of Ler, NIL3 and the recombinant lines 
is presented (average from two experiments). The lines differ in their genotype on chromosome five which is 
schematically presented (b) grey represents Ler and black Kas-2 alleles. The clamp at the right side of the 
genotypes indicates the fine mapped region. The red line indicates the p-value at each marker position with 





3.5 Candidate genes for the potassium dependent rosette weight response QTL 
 
3.5.1 Genes in the region between the markers CNGC4_11 and m5.17 
 
The ca 3.9 Mbp region between the markers CNGC4_11 and m5.17 to which the QTL for 
rosette weight response to low potassium supply could be fine mapped (chapter 3.4), 
contains 1202 genes with 1484 transcripts in total. This estimation of the gene number is 
based on the Col-0 reference sequence and can differ for Ler or Kas-2. For an overview of 
the gene functions in this region, the transcripts were sorted according to their annotated 
function with the TAIR Go annotation function tool 
(http://www.arabidopsis.org/tools/bulk/go). Transcripts can be annotated to several 
biological processes: Protein metabolism, response to abiotic and biotic stimulus, 
developmental processes, response to stress, transport, cell organisation and biogenesis, 
transcription, signal transduction, DNA or RNA metabolism, electron transport or energy 
pathways and unknown biological processes. The TAIR Go annotation function assigned 
many transcripts to two or more categories. Especially the categories “other 
biological/metabolic/cellular processes” became in comparison to the functionally distinct 
categories very large due to putative annotations (according to eg. sequence homologies). 
For a better overview, genes that are involved in one of the above listed, distinct processes 
(“protein metabolism”, “transport” and others) were removed from the categories “other 
biological/metabolic/cellular processes” and only the remaining transcripts were placed 
into “other biological processes”. More than one quarter of the transcripts in the fine 
mapped region are of unknown biological function. The next biggest categories are 
“Protein metabolism” and “response to abiotic and biotic stimulus” followed by 
“developmental processes” and “response to stress” (Figure R15). Those four categories 
belong also to the biggest functional groups in a genome wide annotation that can be 
performed with the TAIR Go annotation function (unknown transcripts constitute for one 
quarter of all genomic transcripts of A. thaliana). The fine mapped region does not differ in 
its functional categorisation from the average genome.  
According to their annotated function and map position in the Col-0 reference sequence 
some possible candidate genes can be highlighted (Figure R15): The fine mapped locus 
contains several genes that are responsive to jasmonic acid (e.g. AT5G64890, 
AT5G64930), ethylene (e.g. AT5G61890, AT5G61590), auxin (e.g. AT5G63310, 
AT5G57090) and calcium signalling (e.g. AT5G55990, AT5G54490) as well as a gene for 
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jasmonic acid synthesis (AT5G63380). All of these genes could be potentially involved in 
the signalling of the low potassium status (see chapter 1.5). RPD3-like histone acteylases 
(AT5G63110, AT5G61070) are also possible signalling factors. The reduced potassium 
dependency (rpd) mutants were identified in yeast to suppress the growth defects of the 
potassium transporter mutant trk1 by increasing the transcript levels of another potassium 
transporter TPK2 (Vidal and Gaber, 1991). Members of the RPD3 histone acetylase family 
in A. thaliana were shown to mediate transcriptional changes in response to abiotic and 
biotic stresses (Zhou et al., 2005; Chinnusamy and Zhu, 2009). Several genes for plant 
defence and pathogen interaction are also in the region. Pathogen related responses are 
assumed to be affected by low potassium supply as the initial signalling mechanism is 
similar (JA, ethylene). The effect of low potassium on those genes is either a side effect of 
the overlapping pathways or a counteraction of the increased disease susceptibility of 
potassium starved plants (Amtmann et al., 2008). Furthermore, it has been shown that low 
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Figure R15: Functional annotations of 
genes in the region between the markers 






supply of different mineral nutrients shares overlapping signalling pathways (Amtmann et 
al., 2005; Schachtman and Shin, 2007). Therefore, the SUMO ligase (AT5G60410) and 
miRNA (AT5G62162) involved in phosphate starvation, AtATG18 which is involved in 
nitrogen starvation and genes induced by sulphur starvation (AT5G60890, AT5G61420) 
could potentially also be involved in the observed effects of the QTL in response to low 
potassium supply. Another group of candidates in the region are guard cell expressed 
proteins as well as H+ATPases and kinases involved in stomatal opening as the movement 
of the stomata depends on potassium fluxes. Photosynthesis, sugar transport and nitrogen 
assimilation are also negatively affected by potassium starvation (Amtmann et al., 2005) 
and in the fine mapped region are transcription factors for carbon and nitrate metabolism, a 
putative potassium binding pyruvate kinase (AT5G56350), and a putative nitrogen 
transporter (AT5G62730). Proton transport is necessary for the transport of potassium and 
the proton/sodium exchanger (AT5G55470) or the H+ATPase (AT5G62670) might 
therefore also be involved in potassium uptake or homeostasis. So far, the genetic 
candidates might be involved in a general stress signalling or potential downstream effects 
of low potassium supply but there are also genes that have a more specific or direct effect 
on potassium homeostasis: The region comprises the potassium channel TPK1 
(AT5G55630) and two putative potassium channels FIP2 (AT5G55000) and CNGC5 
(AT5G57940). In addition, a protein similar to a bacterial response regulator, ARR6 
(AT5G62920), that was shown to be upregulated in phosphate, nitrogen and potassium 
starvation conditions (Coello and Polacco, 1999), is also in the fine mapped region. 
 
3.5.2 Transcriptional differences between Ler and the recombinant line R5 
 
Genes can cause QTL effects, either through changes in their function, which would 
mainly be based on sequence polymorphisms in the coding region, or due to changes in 
their expression level or timing. Therefore, another way to identify possible candidates for 
the QTL effect is to identify genes with a differential expression between lines with 
different response-phenotypes. The transcriptome of Ler and the recombinant line R5 was 
analysed with an ATH1-expression chip (Affymetrix). The line R5 was chosen for the 
analysis as it contained the smallest Kas-2 introgression that was still causal to the QTL 
effect. RNA-samples from three experiments per line per condition were analysed, while 
each sample was consisting of pooled material from at least three plants. The array was 
analysed calculating rank products according to the publication of Breitling et al. (2004). 
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The analysis could only be performed between two different groups: the condition effect 
for one genotype or the genotype effect on gene expression in one condition. The 
percentage of false predictions was cut off at 5% (pfp≤0.05). Although the probes “AFFX-
r2-Bs-dap-5_at” and “AFFX-DapX-5_at” (indicators for RNA degradation) showed 
significant differences between Ler and R5 in the control condition, the RNA quality 
control prior to chip hybridisation was satisfactory, as well as the quality control of the 
chip hybridisation. The supposed differential expression of these probes will therefore be 
due to random hybridisation effects. Altogether, 389 genes were differentially regulated in 
Ler and R5, between the control and in the 20 times reduced potassium supply. Of more 
interest of course were the genes that were differentially regulated between the lines, as 
those genes might be candidates for the QTL effect. In total, 34 genes were differentially 
regulated between Ler and the recombinant line R5, grown either in the control condition 
or the lowered potassium supply (two gene pairs with the same functional annotation bind 
to the same probe of the ATH1 chip and cannot be analysed distinctively; Table R1). 
Differentially regulated genes could be found on all chromosomes and also one gene of the 
chloroplast genome was affected. The genes with the highest expression difference were a 
gene involved in starch mobilisation (AT4G25000) which was 8-fold higher expressed in 
Ler than in the line R5 and a putative kinase (AT5G59670) which is nearly 11-fold higher 
in R5 than in Ler. The latter is located in the fine mapped region. Five other genes in the 
fine mapped region were differentially expressed between Ler and R5 but none of them 
was an obvious candidate. The fine mapped region contained the putative kinase, two 
genes of unknown function, a glycosyl hydrolase family protein and a beta-galactosidase 













AGI condition fold 
change 
(Ler/R5) 
pfp locus  
(in Mbp) 
functional annotation 
AT1G14700 red. K 0.3308 0.035 5.06 phosphatase (PAP3) 
AT1G33960 red. K 4.5735 0.03 12.35 induced by avirulence genes 
AT1G52690 red. K 4.3655 0.0325 19.62 involved in embryogenesis 
At1G61510/ 
AT4G22450 red. K 0.3596 0.0467 22.7/11.8 transposable element 
AT1G73260 red. K 3.3784 0.05 27.55
trypsin inhibitor involved in 
pathogen interactions 
AT1G74670 red. K 0.196 0 28.05
gibberellin/sucrose-responsive 
protein 
AT2G29350 red. K 4.7738 0.0275 12.6
senescence-associated alcohol 
dehydrogenase 
AT2G30600 control 0.4107 0.0233 13.04 involved in cell adhesion 
AT2G40435 red. K 0.3316 0.035 16.89 putative TF involved in salt stress 
AT3G22910 red. K 3.6999 0.0473 8.12 putative Ca(2+)-ATPase 
AT3G44990 red. K 0.2921 0.03 16.45
transglycosylase involved in cell 
wall biogenesis 
AT3G48360 red. K 0.2488 0.038 17.91
ABA responsive telomerase 
activator 
AT4G10500 red. K 3.4069 0.032 6.49 oxidoreductase 
AT4G23150 red. K 3.3425 0.0469 12.13 kinase 
AT4G25000 red. K 7.9249 0 12.85
involved in starch mobilization 
(ABA response) 
AT4G37610 red. K 0.3649 0.045 17.67
putative TF (response to 
auxin/chitin) 
AT5G20250 control 0.418 0.014 6.83
glycosyl hydrolase (senescence, 
responds to sugars) 
AT5G22580 control 2.9358 0.025 7.5 unknown 
At5G24770/ 
At5G24780 red. K 3.5894 0.0257 8.5/8.5
phosphatase induced by wounding 
and jasmonic acid 
AT5G42800 red. K 3.3194 0.031 17.16 biosynthesis of anthocyanins. 
AT5G48490 red. K 0.2995 0.03 19.65 lipid transfer protein 
AT5G49360 control 0.3678 0.025 20.01
required for pectic arabinan 
modification 
AT5G55180 red. K 4.7232 0 22.39 glycosyl hydrolase 
AT5G56870 red. K 2.7812 0.0333 23 beta-galactosidase 
AT5G56980 control 0.4411 0.0312 23.06 unknown 
AT5G59670 control 0.2034 0 24.04 putative kinase 
AT5G59670 red. K 0.0938 0 24.04 putative kinase 
AT5G62140 red. K 0.2581 0.0033 24.95 unknown 
AT5G66040 control 3.7761 0 26.41 sulfurtransferase involved in aging 
AT5G66040 red. K 3.7875 0 26.41 sulfurtransferase involved in aging 
AT5G66060 control 0.4651 0.0444 26.42 oxidoreductase 
ATCG00270 control 0.445 0.0183 0.03 PSII D2 protein 
 
Table R1: Expression differences between Ler and the recombinant line R5 
The table lists the genes (sorted by their AGI code) that were differentially transcribed between Ler and 
the recombinant line R5, when grown in the control (nine genes) and the reduced potassium media (“red. 
K”; 25 genes). For each significantly differential expressed gene the condition in which the gene differs 
in expression between the lines, the fold change of the expression, the percentage of false prediction 
(pfp; cut-off at 0.05), the genes position (in bold if the gene is in the fine mapped region) and a brief 
functional annotation according to TAIR is given. Two probes of the ATH1 chip corresponded to two 




3.5.3 Polymorphisms between the Ler and Kas-2 alleles of the candidate TPK1 
 
One of the possible candidate genes that is located in the fine mapped region is the 
potassium channel TPK1. The locus of the TPK1 gene was sequenced and several 
polymorphisms were detected between the TPK1-locus of Ler and the RIL138. In the  
5’ untranslated region (5’UTR), there are nine single nucleotide polymorphisms (SNPs) 
and two deletions and insertions (Indels) between Ler and the RIL138, respectively and 
four SNPs and one Indel in the 3’UTR. The sequences of Ler and RIL138 differed further 
for one SNP and a single base pair deletion (in Ler) in the intron of the TPK1-gene (Figure 
A1, appendix). The TPK1-gene has two exons and in the first one are seven nucleotide 
polymorphisms of which two are non-synonymous and translate into amino acid changes 
in the predicted protein sequence (Figure R16). The first one is at the amino acid position 
261 where a serine in Ler is changed to a threonine in the RIL138. The second predicted 
amino acid change is at position 295 and caused a change from asparagine to serine 
between Ler and the RIL138. 
The first non-synonymous polymorphism resided in the predicted fourth transmembrane 
segments of the TPK1 channel (aa position 251 – 280; Czempinski et al., 1997). The 
second polymorphism resided in the first α-helical structure of the putative EF-hand motif 
(aa position 290 to 357) adjacent to an diacidic motif that was shown to be involved in the 
ER export of the protein (Dunkel et al., 2008). 
 
 
Figure R16: Comparison of the predicted protein sequences of TPK1 from Ler, the RIL138 and 
Col-0 
The predicted amino acid sequence is shown for Ler (L), the RIL138 (R) and Col-0 (C). The 
synonymous polymorphisms between Ler and the RIL138 are highlighted by green boxes while the two 






Figure R16 (continued): Comparison of the predicted protein sequences of TPK1 from Ler, the 






4.1 The validation of the potassium dependent rosette weight QTL 
 
Response QTL are detected if changing environments cause a different effect on the 
genetics of a trait. In the QTL mapping of Dr. Barbier and Dr. Reymond a QTL was 
detected that was involved in the rosette weight change in response to reduced potassium 
supply. The genetic basis of the rosette weight response QTL will therefore be a gene that 
is differentially affected by the potassium status of the plant and might therefore be 
involved in the adaptation to the changing nutritional supply. The allelic diversity that was 
used for the QTL detection comes from the two accessions Landsberg erecta (Ler) and 
Kashmir-2 (Kas-2). Natural accessions are thought to have adapted to their local 
environment. Different environmental impacts are even more likely if their habitat is as far 
apart geographically as the one of Ler, which is from Poland and Kas-2, from Kashmir. 
The exact mineral supply of the region where the accessions were taken from is unknown 
but Kashmir has a largely mountainous landscape where erosion can cause low mineral 
supply (Abbasi and Rasool, 2005). It is no necessary prerequisite for the QTL mapping that 
the parental accessions differ in their studied phenotype, as RIL populations can show 
diverging phenotypes from their parental accessions (Keurentjes et al., 2006). This 
transgression effect can be due to an advantageous or disadvantageous combination of 
alleles that cause the trait value in the progenies. Nevertheless, it was assumed that the 
Mid-European and Asian accessions were different enough in their genome merely by the 
geographically distance to have a potential for a QTL mapping (Loudet et al., 2003). In fact 
this proved to be the case as many QTL were detected for growth related traits as well as 
for biochemical traits. Only three of the growth related trait QTL were involved in the 
response to the reduced nutritional supply, two for phosphate and one for potassium. The 
growth related traits, compared to the biochemical/ionomic traits, were of higher interest 
for further analysis as growth reduction is one of the first hallmarks of reduced nutrient 
supply (Marschner, 1995) and represents an agronomical interesting trait.  
If the QTL are really causal to the growth related trait, lines which differ mainly at this 
genetic region should show a distinct growth phenotype. This was the reason to test the 
selected RILs (Figure R1) for their growth responses to the reduced potassium or 
phosphate supply compared to the respective parental line. Lines showing the expected 
growth effect are suitable starting material to construct NILs. The genetic position of the 
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response QTL for reduced potassium supply (on the bottom of chromosome five) differed 
in allelic value between the line RIL138 and Ler. Although not significantly, the rosette 
weight response difference between the lines was in accordance with the QTL mapping, as 
Ler had a more positive response than RIL138. The RIL135, which was chosen for 
validation of the RGR response QTL on chromosome one, did not differ from Kas-2 in 
relative growth rate (RGR) in response to phosphate reduction. It would be unlikely that 
the QTL effect could be validated with NILs derived from this line. The line RIL85 was 
Ler at the position of the root length response QTL on chromosome one and showed a 
significantly lower root length response to reduced phosphate supply than Kas-2. Anyway, 
this response QTL co-located with a previously described QTL for primary root growth 
arrest in response to reduced phosphate supply that was detected in a different mapping 
population (Reymond et al., 2006). The underlying gene was identified to be a multicopper 
oxidase, LPR1, which could either be involved in the phosphate perception in the root cap 
(Svistoonoff et al., 2007) or in iron toxicity caused by the increased availability of iron in 
phosphate starvation (Ward et al., 2008). The QTL of LPR1 was detected in a Bayreuth-0 
(Bay-0)/ Shahdara (Sha)  RIL population, with the dominant Sha allele causing increased 
primary root growth arrest (Reymond et al., 2006). Presumably, the difference between the 
alleles that cause the QTL are increased transcript levels of the Sha-LPR1 (Svistoonoff et 
al., 2007). Comparison of growth related trait QTL detections in a Ler/Kas-2 and a Ler/Sha 
line showed in several incidences similarities in the effect of the Kas-2 and Sha-alleles 
compared to Ler (Pieper, 2009). Therefore, it is likely that LPR1 is also underlying the 
rosette length response QTL detected in the Ler/Kas-2 population by Dr. Barbier and Dr. 
Reymond. It strengthens the reliability of the QTL mapping that such co-localizations 
between similar QTL can be found. Nevertheless, the validation and fine mapping of this 
QTL is of less interest, as it is likely to reveal an already identified gene for phosphate 
starvation response. The rosette weight response QTL on the bottom of chromosome five 
was followed up in fine mapping as the RIL138 showed the expected phenotypic 
difference to Ler and the QTL was never described before. Harada and Leigh (2006) 
detected co-localizing QTL for potassium content and for the relation between shoot dry 
and fresh weight also on bottom of chromosome five. Nevertheless, this is not a response 
QTL, it was only detected in standard growth conditions and Harada and Leigh didn’t 
validate the QTL and the genetic basis is unknown. That the response difference between 
the RIL138 and Ler was not significant might on the one hand depend on the relatively low 
effect of the QTL (R2 = 9.3%) and on the other hand on a genomic background effect on 
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the QTL. The genomic background of Ler and the RIL138 was not identical: The RIL138 
possesses a 9.7 Mbp Kas-2 introgression on the top of chromosome one and a 
heterozygous region on the very bottom of chromosome three (marker nga6). Neither of 
those two positions contained a QTL of rosette weight response or constitutive rosette 
weight QTL that might influence the QTL effect. However, the response difference 
between Ler and the RIL138 was not significant, while the response difference between 
Ler and the NILs was significant and the NILs have an identical background with Ler. 
There was only one QTL for rosette weight response detected for the whole genome, if 
there would be no background effect from other regions RILs with recombinant events in 
the QTL region should be theoretically usable for fine mapping. This however was not 
possible for this QTL, the comparison of the responses of RILs from the Ler/Kas-2 
population with different recombinant events in the QTL region did not allow to fine map 
the QTL (data not shown). The QTL is clearly background dependent. Kroymann and 
Mitchell-Olds (2005) also described a clear background dependency for a small-effect 
growth QTL. Keurentjes et al. (2007b) could show that mapping populations derived from 
NILs have a higher statistical power to identify low effect QTL than RIL populations. 
Anyway, the NILs derived from the RIL138 validated the rosette weight response QTL on 
chromosome five. The significance of the response differences between these lines was 
confirmed with the Student-Newman-Keuls test. 
 
4.2 The fine mapping of the potassium dependent rosette weight QTL 
 
The development of NILs with an exclusive Ler background, allowed the validation of the 
response QTL on bottom chromosome five and thus the further fine mapping. In the fine 
mapping approach, lines with recombinant events in the QTL region are phenotyped and 
the correlation of phenotype and genotype narrows down the region of interest, ideally to 
the underlying gene. In plants, most QTL that were cloned to date were major QTL, like 
the flowering time QTLs FLC and FRI (Alonso-Blanco et al., 2009). Those QTL have a 
high impact on the phenotype and cause high differences between genotypes, which 
facilitates the fine mapping process. The only publication to date, describing the cloning of 
a low effect QTL, was done by Kroymann and Mitchell-Olds (2005). They detected in an 
analysis of NILs for herbivore resistance, a 210 kbp region which contributed to biomass 
accumulation. They identified a putative serine/threonine kinase to underly the QTL effect. 
The allelic variation between Ler and Col-0 at this locus caused a 15.1% or 5.1% 
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difference in biomass, depending on the genetic background. The validated rosette weight 
QTL is also of low effect and although, the identification of a low effect QTL is difficult 
(Salvi and Tuberosa, 2005), the underlying genetic determinism is far from being less 
important than of major QTL. It might be a redundant pathway or on the contrary a highly 
conserved pathway that does not allow too much allelic variation. Minor QTL contribute to 
most complex trait variations but often cannot be detected due to low marker density or 
high variation. However, in the end the trait variation depends on the overall genetic 
variation that is represented by these small effect QTL (Kroymann and Mitchell-Olds, 
2005). 
The potassium dependent rosette weight response QTL caused on average a response of 
34.3% ±4.8% and 13% ±3.1% for Ler and the NILs, respectively. To pursue the fine 
mapping, a precise genotype and phenotypes with a low variation were required, to detect 
response differences between the lines. Therefore, only homozygous recombinants were 
used for the fine mapping. Homozygous lines have less trait variation, which can be caused 
by a segregating background and can be grown in a large number of replicates. The 
calculated response needed further to be confirmed in several independent experiments, to 
compensate for experimental effects that were detected. The experimental effect had a 
higher impact on the overall plant fresh weight than on the fresh weight response of one 
line. Nevertheless, by combining several experiments the response difference between 
lines became more distinct as the error reduced. 
The fine mapping revealed a region of ca 3.9 Mbp between the marker CNGC4_11 and 
m5.17 to be responsible for the rosette weight response. How many genes might be in this 
region that cause the response effect cannot be deduced from the data. If only one gene is 
responsible for the QTL effect, this gene would be located between the marker CNGC4_11 
and MUL3-1 (1.07 Mbp region). MUL3-1 is the upper end of the Kas-2 introgression of 
the line R10 (Figure R14) which shows a Ler response phenotype and if only one gene 
would cause the phenotype the region of this Kas-2 introgression can be excluded. In this 
case, the recombinant line R4 (Figure R13) would need to be responding like the NIL 
because Kas-2 alleles are present at this locus in the line R4. This cannot be excluded; the 
response of this line cannot be attributed to Ler or the NIL exclusively. However, the 
response of the line R4 was in each experiment more similar to Ler than to the NIL. The 
intermediate response could be due to unpredictable experimental variation or modifiers in 
the relatively large Kas-2 introgression above the fine mapped region. Furthermore, the 
rather continuous distribution of the response phenotype between the lines R11 to R15 
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(Figure R14) also suggests the presence of modifiers that cause additional variation in the 
rosette weight response. Taken together, the QTL effect is more likely to be caused by 
several genes in this region. 
The fine mapped region (22.03 Mbp to 25.95 Mbp) is below the original QTL which is 
focused at the marker snp97 (17.23 Mbp). This discrepancy in the map position can have 
several reasons: the accuracy of a QTL detection with a RIL population is lower than the 
detection of a single QTL effect within a NIL, as individual line effects, background 
interferences, other QTL effects and the cofactor selection will decrease the statistical 
power. The mapping resolution (marker density and number of recombinant events in the 
region) in this region may have been too low, to detect the exact position of the response 
QTL. Only two molecular markers were between the original QTL region and the fine 
mapped region, according to the map used for the QTL detection.  
 
4.3 Characterizing the potassium dependent rosette weight QTL 
 
The plants rosette weight response to the reduced potassium supply is a complex trait and 
other physiological parameters are likely to be influenced as well. The root weight 
response between Ler and the NIL3 was identical to the rosette weight response 
differences between the lines. In contrast, the root length did not change; the response is 
almost zero for both lines. Although, detailed root architectural changes of the NIL were 
never studied, these data suggest that the primary root growth was not affected but the 
lateral root system was differentially reduced in response to the low potassium media 
between Ler and the NIL. Generally, for phosphate starvation a different trend was 
observed, the primary root growth is inhibited and the lateral roots increase. Such a general 
trend was never observed for potassium starved plants. Roots architecture does not seem to 
change and if changes were observed they seem to be species and condition dependent 
(Hodge, 2004; Amtmann et al., 2005). However, in accordance with our data is the 
observation of Armengaud et al (2004), who showed a lateral root reduction of Arabidopsis 
thaliana without an effect on root length, when the plants are grown on agar plates without 
potassium. A reduced biomass production caused by the reduced potassium availability, 
seem to affect the root and the shoot biomass equally. There is no indication that the 
growth reduction of one organ, root or rosette, precedes the other (and thereby causing the 
growth reduction of the later affected organ). 
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Another root architectural factor that may change potassium uptake is the root hair 
development. Root hairs were shown to effect the potassium uptake significantly (Rengel 
and Damon, 2008) and root hair mutants showed a decrease in potassium uptake and 
biomass production (Ahn et al., 2004). Root hair length increases in response to low 
potassium supply in some crops (Hogh-Jensen and Pedersen, 2003; Rengel and Damon, 
2008) but for Arabidopsis thaliana this was reported to be only the case if ammonium is 
present in the medium (Amtmann et al., 2005), which was not the case in this setup. 
Accordingly, no differences in root hairs were observed between the conditions. A 
considerable variety in root hair density and length was shown for natural variants of 
Arabidopsis thaliana (Narang et al., 2000). However, Ler and Kas-2 were not compared in 
the respective publication and there were no apparent differences found in root hair 
development for Ler and the NIL3. Root hair growth did not seem to cause the QTL effect. 
Therefore, genes involved in root hair development, which are also present in the fine 
mapped region, are unlikely to underlie the QTL effect.  
The near isogenic lines (mainly the NIL3) and the recombinant inbred line RIL138 from 
which the NILs were derived, were further characterized. They were phenotyped under 
changing environmental conditions that might influence the response to the reduced 
potassium supply and for different physiological traits that might contribute to the rosette 
weight response phenotype. This was done in order to learn more about the QTL effect and 
to have the possibility to select putative candidate genes. 
The first environmental change that was observed, was the impact of different levels of 
potassium reduction. The RIL138 was grown in a variety of potassium reduced solutions, 
starting with the reduction used for the mapping experiment until a nearly complete 
depletion of potassium in the growth media. The latter functioned as a negative control to 
show that there are no potassium impurities in the system itself that would influence the 
potassium concentration chosen for the experiment. The plants in the complete deprivation 
died which proved that there was really no potassium in the system at least not enough to 
sustain plant growth (> 10 µM; Maathuis and Sanders, 1996). The other levels of 
potassium concentrations cover a range of external potassium supply that can either be 
taken up by a low affinity uptake mechanism (reduced potassium media used for the QTL 
detection, 10-fold and 13-fold reduction) or by a high affinity uptake mechanism (20-fold 
and 40-fold reduction; around 100 µM potassium and below; Kochian and Lucas, 1988; 
Maathuis and Sanders, 1996). No matter which external potassium concentration was used, 
the response of the RIL138 was always more negative than the response of Ler and 
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therefore always in accordance with the QTL detection. The mechanism responsible for the 
QTL effect is consequently involved in the growth response in low and in high affinity 
uptake conditions. 
The availability of potassium and the respective response of the plant are of course primary 
dependent on the external concentration of potassium but it is also influenced by other 
environmental factors. For example, the concentration of other minerals in the soil, like 
ammonium, can affect the potassium uptake. Ammonium can block high affinity potassium 
uptake and there are ammonium sensitive and insensitive pathways (Hirsch et al., 1998; 
Santa-Maria et al., 2000). The nutrient solution for the QTL detection did not contain any 
ammonium. The addition of ammonium to the solution resulted in the abolishment of the 
QTL effect. The response of Ler to the low potassium supply slightly reduced in the 
presence of ammonium, while the NILs response increased. There was no more response 
difference between these lines. The QTL effect is therefore clearly ammonium sensitive. 
However, if this sensitivity is due to an effect of ammonium on a potassium uptake protein 
in the reduced potassium supply, is questionable. While the rosette weight of Ler seems 
hardly affected by the addition of ammonium, the NILs rosette weight changed 
predominantly in the control condition. The higher weight of the NILs in the control with 
ammonium caused the increase in response, their weight in the reduced potassium supply 
was similar with and without ammonium. If lower potassium uptake in the reduced 
potassium supply with ammonium would cause the effect of growth response, one would 
expect that the response difference would be due to a decrease of weight in this condition. 
As this is not the case, an alternative explanation for the ammonium sensitivity of the QTL 
could be that the NILs might be capable of a higher ammonium usage efficiency. This 
higher ammonium usage efficiency however seems to be dependent on the potassium 
status of the plant. The NILs have only an advantage in ammonium usage if they are fully 
supplied with potassium (in the control condition), in the reduced potassium supply the 
higher usage of ammonium is not possible any more. This would explain why their rosette 
weight only increased in the control if ammonium was added but remained unchanged if 
ammonium was added in the reduced potassium supply. Another factor might be involved 
in this trait that is independent of the genetic basis of the rosette weight response QTL. An 
additional mapping experiment was performed in all four conditions (control and reduced 
potassium with and without ammonium) to elucidate if other genomic regions were 
affected by the ammonium supply. However, no response QTL were detected, neither with 
nor without ammonium (data not shown). Maybe the mapping power was too low due to 
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the reduced replicate and line number (five replicates; 85 RILs) that needed to be used to 
conduct the four experiments in parallel. 
The photosynthetic period should influence the need for potassium, as it changes the 
growth of the plant (Zeevaart, 1971; Cookson et al., 2007). The increase in photoperiod 
length, from eight hours (mapping condition) to 14 hours long day conditions, did not 
change the QTL effect. The NIL3 was still found to have a significant lower response of 
rosette weight to the reduced potassium supply than Ler. Because the response QTL is not 
affected by day length, photosynthetic processes are less likely to be involved in the QTL 
effect. 
Apart from growth related changes also changes in ion content were detected in the QTL 
mapping in response to the changing nutrient supply. Although, the response QTL for 
potassium content could not be validated with the NIL3, the NIL3 had higher rosette 
potassium content than Ler in the control and in the reduced potassium supply. The 
response in potassium concentration may not have been detected due to the small effect of 
the QTL (only five percent) which is difficult to prove significantly. Apart from the higher 
potassium content, the ionomic analysis showed that also the rubidium content in the 
rosette (Rb_rs) was significantly higher in the NIL3 than in Ler. This can be seen as an 
independent replicate of the potassium content analysis. Most potassium transport studies 
use the rubidium isotope 86Rb+ which has a longer half time than the potassium isotope 
42K+. Rubidium is thought to be transported like the potassium ion (Läuchli and Epstein, 
1970; Kochian and Lucas, 1982). Although, it was questioned if potassium and rubidium 
uptake is comparable under all conditions, the study of potassium transport with 86Rb is 
still the most widely used methodology (Britto and Kronzucker, 2008). In the root, the 
NIL3 had a reduced potassium content compared to Ler when grown in the low external 
potassium concentration. It may be assumed that increased allocation of potassium from 
the root to the shoot may occur in the NIL in reduced potassium supply. Higher potassium 
concentrations in the rosette might sustain processes like the carbohydrate allocation, or 
alter signalling mechanisms and thereby the NIL could attain a growth advantage over Ler. 
The higher potassium concentration in the NILs may result in a higher osmotic pressure. 
The weight response difference could be due to a higher water content of the NILs in low 
potassium supply, therefore the dry weight response of the lines was determined.  Ler had 
always a higher response of the rosette dry weight than the NIL3/ RIL138. This was not 
significant in all cases, because the dry weight is very low, as are the differences between 
the lines. The statistical power to detect differences is reduced. However, the correlation 
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between the fresh and the dry weight response over all tested levels of potassium was very 
high for the RIL138 and Ler. Rosette fresh and rosette dry weight response are similar. It 
can therefore be assumed that the QTL affects really the biomass production of the plant 
and not just the water content. 
Altered potassium concentration in the rosette may also affect the potassium concentration 
in the stomata. Stomata opening dependents on potassium uptake on day onset (in the mid 
day sucrose can take over the osmotic function) and for stomatal closure (Talbott and 
Zeiger, 1996; Blatt, 2000). A reduction in potassium tissue concentration is accompanied 
by a reduction in turgor which can lead to stomatal closure (Hsiao and Läuchli, 1986 cited 
in: Benlloch-Gonzalez et al., 2010). Stomatal closure would lead to a reduction in water 
loss via transpiration. To look for differences in stomatal opening, the transpiration was 
investigated by studying the water loss of detached leaves. Both genotypes Ler and NIL3 
showed a reduction in water loss when grown in the low potassium regime, maybe as a 
consequence of a decreased turgor. However, this water loss reduction was only significant 
in Ler. Furthermore, the NIL3 had a significantly higher water loss compared to Ler in 
both conditions. In summary, the water loss of the NIL3 is higher and less effected by the 
condition than the water loss of Ler. This may indeed result from the higher potassium 
concentration in the NIL3 compared to Ler, which enables the NIL to build up a higher 
turgor. This theory is in agreement with the fact that the stomata density did not change 
between the lines, thus the water loss can only be attributed to changes in the opening time 
of the stomata and not their number. Prolonged opening (or higher number of open stomata 
per time period) in the NIL3 may favour gas exchange and intake of CO2. The higher gas 
exchange of this line may in turn favour an enhanced biomass production of the NIL3 in 
the reduced potassium supply and thereby explain the QTL effect. 
The study of the F1 generations that were heterozygous at the QTL position showed that 
the Kas-2 allele which confers the reduced response of rosette weight to the lower 
potassium regime, is recessive. As the Kas-2 allele confers a higher potassium 
concentration in the rosette along with the growth advantage, it is straight forward to 
assume that a more efficient potassium transporter might underlie the QTL effect. 
However, such a transporter would be more prone to be the dominant allele, as it would be 
likely to confer a higher uptake of potassium also in a heterozygous disposition. Therefore, 
it would be more probable, that the recessive Kas-2 allele constitutes a (maybe less 




In conclusion, the genetic factor underlying the QTL affects rosette and root weight equally 
and has no effect on root hair development. It seems to have an effect on the water loss of 
the plants maybe by regulating the stomatal opening time. However, the QTL is not caused 
by water content changes in the cell but by a real difference in biomass accumulation. It is 
so far correlating with an increase in potassium content in the rosette and is implicated in 
the potassium response to low and high affinity uptake ranges of external potassium. For 
the response to the high affinity uptake range (20-fold potassium reduction) ammonium 
sensitivity could be demonstrated.  
 
4.4 The candidates, what is likely to cause the QTL effect? 
 
According to the functional annotation of the Col-0 genes in the fine mapped region 
(between 22.03 Mbp and 25.95 Mbp) a discussion of possible candidates can be done. The 
most likely candidates (Figure R15) in this region that might cause the QTL effect, are of 
course those genes that are known to be directly influenced by the potassium status of the 
plant or are involved in its translocation. To the first category belong the putative pyruvate 
kinase (AT5G56350) and the response regulator ARR6 (AT5G62920). Pyruvate kinases 
were shown to depend for their activity on potassium (Ramírez-Silva et al., 1993). Because 
the QTL effect was not altered in long day conditions, it was assumed that genes involved 
in photosynthesis and carbon fixation are, of course not excluded as candidates but less 
likely. Therefore, the putative pyruvate kinase (Andre et al., 2007) is less probable to be 
involved in the QTL effect. The response regulator ARR6 was identified in a screen for 
homologues of bacterial response regulators and it was shown to be upregulated in 
response to low potassium supply (Coello and Polacco, 1999). The transcription analysis 
performed in this work did neither demonstrate an upregulation of this gene in Ler or the 
recombinant line R5 nor a differential regulation between the lines. This reduces the 
possibility of the involvement of this gene in the QTL effect (at least at the expression 
level).  
The putative potassium channels FIP2 (AT5G55000) and CNCG5 (AT5G57940) and the 
potassium channel TPK1 (AT5G55630) could directly act on the potassium status of the 
plant, by potassium allocation. There is not too much known about the two putative 
potassium channels. FIP2 is located at the position 22.3 Mbp on chromosome five (above 
the marker MDF20). It has sequence homology to animal K+ATPases (Banno and Chua, 
2000) and has a BTB domain which has not been implicated into specific cellular functions 
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(80 proteins with a BTB-domain were found in Arabidopsis) but was associated with 
ethylene biosynthesis, hormonal perception and disease resistance (Gingerich et al., 2005). 
FIP2 transcript was shown to be enriched, among 290 other transcripts, in the quiescent 
center of the root compared to the surrounding tissue (Nawy et al., 2005). It was shown to 
interact with the protein AFH1 and supposed to form a complex in cell membranes that 
controls the actin cytoskeleton. The involvement in actin organisation was deduced from 
the domain homologies of AFH1 (Banno and Chua, 2000). CNGC5 (at 23.5 Mbp; below 
the marker MUL3-1) is a cyclic nucleotide-gated ion channel, a family with 20 members in 
Arabidopsis (Köhler et al., 1999; Mäser et al., 2001) that were so far implicated in cation 
homeostasis and play roles in development (Chan et al., 2003; Gobert et al., 2006) and in 
response to biotic stimuli (Balagué et al., 2003; Jurkowski et al., 2004). They are Shaker-
like channels with six transmembrane domains and a single pore (Varnum and Zagotta, 
1997; Mäser et al., 2001). They are generally unspecific for the transport of mono- and 
divalent cations and are believed to be activated by cyclic nucleotides and inhibited by 
calmodulin (Köhler et al., 1999; Kaplan et al., 2007). CNGC5 is a plasma membrane 
protein and its mRNA is equally expressed in roots and the rosette (Christopher et al., 
2007). There are no publications to date that would have shown that FIP2 and CNGC5 
perform potassium or general cation translocation. Therefore, their involvement in the 
effect of the response QTL to low potassium supply cannot be fully established. 
The channel TPK1 (formerly KCO1) is located at the position 22.53 Mbp close to marker 
MDF20. It belongs to the two-pore K+ channel (TPK) family which has five members in 
Arabidopsis, of which it is the most abundantly expressed member (Becker et al., 2004; 
Gobert et al., 2007). Its opening is voltage independent but depends on pH and calcium. 
TPK1 is a vacuolar membrane protein with a strong selectivity for potassium over sodium 
(Bihler et al., 2005). Vacuolar proteins have a presumed house keeping function in ion 
homeostasis (Dunkel et al., 2008). Indeed, knock out mutants of TPK1 were shown to have 
a reduced fresh weight (of 14 days old plants) when grown in extremely low (10 µM) or 
very high (80 mM) supply of potassium, while on the contrary overexpression lines of 
TPK1 performed better than the Col-0 wild type (Gobert et al., 2007). However, these 
plants showed no significant alterations in overall tissue concentration of potassium and 
therefore it was suggested that TPK1 has a role in inter- and intracellular distribution of 
potassium. Furthermore, TPK1 is important for the ABA induced potassium release from 
the vacuole during stomatal closure (Gobert et al., 2007). The channel TPK1 is the best 
candidate to explain the QTL effect. As it is involved in inter- and intracellular potassium 
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homeostasis it could play a role in both, low and high affinity uptake ranges of external 
potassium supply and mutations of the gene were already shown to affect plant fresh 
weight in potassium stress conditions. In potassium deficiency, the cytosolic concentration 
of potassium is maintained by allocation of potassium from the vacuole and K-efficient 
barley accessions were shown to have a better vacuollar/cytoplastic allocation (Rengel and 
Damon, 2008). In addition, due to its predicted role in intercellular homeostasis it could 
function in the hypothesed increased allocation of potassium from the root to the rosette in 
the NIL3. This better allocation from non photosynthetic organs to photosynthetic organs is 
assumed to cause a better adaptation to potassium starvation (Rengel and Damon, 2008). 
Rice varieties with a better potassium usage efficiency were shown to allocate more 
potassium to younger leaves and maintained thereby a higher stomatal conductance and 
photosynthetic activity in the bolting phase (Yang et al., 2004). Moreover, its involvement 
in stomatal closure could explain the water loss phenotype that was observed in the NIL3. 
Allelic differences between Ler and Kas-2 could cause a delay in potassium outward 
conductance and thereby increasing the opening time of the stomata. Sequencing the 
TPK1-loci revealed several polymorphisms between the Ler and the Kas-2 alleles. For 
example, the predicted non-synonymous amino acid polymorphism in the EF-hand motif 
close to the ER-export signal might affect the posttranscriptional regulation of TPK1 by 
calcium or the channel density in the vacuolar membrane via ER retention (Zerangue et al., 
1999; Dunkel et al., 2008). In addition, the polymorphisms in the URTs might cause subtle 
transcriptional changes which might not have been detected by the microarray experiment. 
Although, Gobert et al. (2007) showed no significant differences in potassium content in 
the tpk1 mutant compared to the wild type, the mutant had a slightly lower potassium 
content. Maybe TPK1 also has a minor role in potassium uptake but it is redundant with 
other transport mechanism that outweigh the effect of TPK1 in the Col-0 background (but 
which becomes more relevant in the Ler background). Or other transport proteins in the 
NILs (maybe the channel CNGC5) work more efficiently and thereby cause the increased 
potassium content of the NILs and causing together with the TPK1 channel to the growth 
response effect. Unfortunately, there is no data available if TPK1 is sensitive to 
ammonium. However, as discussed before, the ammonium sensitivity of the QTL might 
depend rather on an additional factor located in the NILs Kas-2 introgression that confers 
high ammonium usage efficiency, rather than an ammonium sensitive potassium 
transporting protein. So far, ammonium sensitivity was just demonstrated for the high 
affinity uptake which is mainly performed by transporter and rarely by channels (Hirsch et 
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al., 1998; Szczerba et al., 2006). This would furthermore argue for the involvement of 
another component in the QTL effect. 
The transcription analysis revealed that 32 genes were differentially transcribed in the 
rosette between Ler and the recombinant line R5 (Figure R13) and 389 genes were 
differentially transcribed in response to the growth conditions (control vs. low K) in the 
two lines. A previous study (Armengaud et al., 2004) revealed 116 differentially regulated 
genes in the rosette due to potassium starvation of which three (At5G24150, At5G40780, 
At2G29350) were in common with the present study. The allelic differences (Col-0 and 
Ler/Kas-2, respectively) combined with drastically different growth conditions 
(Armengaud et al. grew the plants on agar plates with sucrose in a complete deprivation of 
potassium) and different plant age (14 days old plants vs. 32 days old plants), will cause 
huge transcriptional differences. These transcriptional changes might mask common 
differentially expressed genes in the statistical analysis of the present study and the study 
of Armengaud et al. (2004) and explain the expression discrepancies between the two 
studies. It would have been necessary to analyse both dataset together but this was not 
possible as different chip technologies were used. Expression changes after potassium 
starvation were already reported to depend highly on the accompanying environmental 
factors, even HAK5 expression, which is one of the most highly expressed root potassium 
transporter in potassium deficient conditions (Gierth et al., 2005; Gierth and Maser, 2007).   
However, the genes that were shown to be differentially regulated between Ler and the 
recombinant line R5 are generally genes that could be well involved in potassium 
responses. The expression differences affected genes involved in salt stress, senescence, 
hormone and calcium signalling, pathogen defence and a photosystem protein. Two genes 
for cell wall biogenesis and a gene involved in cell adhesion were also differentially 
regulated between the lines. The gene AFH1, that was shown to interact with the potential 
potassium channel FIP2, was implicated in actin cytoskeleton organisation. The actin 
skeleton is further thought to guide the cellulose synthesis complex that is required for cell 
wall synthesis (Buchanan et al., 2002). An indirect involvement of FIP2 in cell wall 
synthesis is thereby possible and the three differentially regulated genes for cell wall 
biogenesis/ adhesion may be involved in a downstream pathway of FIP2. They might act 
together to contribute to cell growth and to the QTL effect. Cell wall related proteins were 
already shown to be differentially transcribed in response to potassium deficiency and may 
play a role in growth adaptations, signalling and ROS detoxification (Armengaud et al., 




genes to the QTL effect are the ABA responsive genes and the putative calcium ATPase 
that might play a role in an upstream signalling pathway for the calcium dependent channel 
TPK1 and thereby modulating its function. 
 
4.5 Conclusion and outlook 
 
A QTL for rosette weight in response to reduced potassium supply was validated and 
further phenotypically characterized, using developed near isogenic lines. The QTL effect 
was present over a wide range of external potassium supplies and in the high affinity 
uptake range, it was shown to be sensitive to ammonium. The NIL3 had an increased 
rosette potassium concentration and water loss, the latter is likely caused by altered 
opening periods of the stomata. With recombinant lines the QTL could be narrowed down 
to a region of ca 3.9 Mbp containing most likely several genes that contribute to the 
response QTL. The vacuolar channel TPK1 is a plausible candidate in this region, as it was 
shown to function in potassium homeostasis, growth and stomata closure. It could 
potentially exert its effect on the QTL by a differential regulation due to upstream ABA or 
calcium signalling components or in interplay with a putative potassium channel that might 
increase the potassium content in the plant while TPK1 is responsible for the subsequent 
usage efficiency. 
The fine mapping of the QTL offered genetic candidates for plant responses to reduced 
potassium supply and a selection of potential upstream and downstream targets of those 
candidates. Complementation tests with one or several of those candidate genes in one 
transformant may elucidate their role in the observed potassium dependent growth effects. 
The TPK1-gene had polymorphisms in the coding region but, even more extensively, in the 
5’UTR and 3’UTR, an effect on gene transcription cannot be ruled out and an rtPCR 
analysis would be a sensitive approach to test for this. For most growth QTL, as well as for 
the rosette weight response QTL, a polygenic basis was assumed (Kroymann and Mitchell-
Olds, 2005) with a complex regulation that allows the plant to adapt to environmental 
changes. The identification of genes that cause the QTL effects will increase our 
knowledge of the complex pathways growth regulation to potassium deficiency is build 
upon. It is tempting to speculate that similar mechanism might underlie potassium 
efficiency in crop plants and that the elucidation of alleles that confer a higher fresh weight 
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K response P response
Trait Chromosome Marker Position (cM) LOD % Expl. Additive Chromosome Marker Position (cM) LOD % Expl. Additive
Rosette Weigth 5 snp97 68.28 2.57 9.3 0.14 No QTL
RGR No QTL 1 snp177 89.54 4.41 14.6 0.05
Root Weight No QTL No QTL
Root Length No QTL 1 M1-10 23.20 4.57 15.6 0.08
Chla No QTL No QTL
Chl-b No QTL No QTL
Proteins No QTL No QTL
Hexose No QTL No QTL
B-rs 2 ERECTA 46.816 2.33 8 0.0576936 No QTL
B-rt No QTL No QTL
Na-rs 2 M2-22 80.44 2.75 7.6 0.072404 No QTL
3 M3-18 70.908 4.65 13.4 -0.0969934
4 NGA1111 27.378 5.06 14.7 0.1012434
Na-rt No QTL No QTL
Mg-rs No QTL No QTL
Mg-rt 3 SNP268 12.3 2.4 8.7 0.087033 No QTL
P-rs No QTL 5 K8A10 100.912 4.07 14.7 -0.0477336
P-rt 1 SNP177 89.538 2.46 8.5 -0.0344696 1 M1-10 23.196 2.06 6.8 -0.0305026
3 NGA172 0 2.42 7.8 -0.0316384
S-rs No QTL 5 FLC 11.132 4.39 13.6 0.0893632
5 K15I22 68.275 2.62 8.1 -0.0708612
S-rt No QTL No QTL
K-rs 1 SNP373 39.594 2.91 8 0.0427042 No QTL
3 M3-18 69.307 2.89 8.4 -0.0445888
5 K15I22 71.578 4.06 11.4 0.0505602
K-rt 2 SNP203 42.248 2.95 10.6 -0.0450804 4 GA5 44.129 2.43 9 0.0651406
Ca-rs 1 SNP157 93.269 3.33 9.9 -0.083502 No QTL
3 NT204 20.202 4.88 15.8 -0.107442
5 K15I22 71.578 2.34 6.6 -0.0667656
Ca-rt 2 F12A24b 24.084 2.92 10.3 -0.0986978 No QTL
4 SNP53 64.312 2.35 8.2 -0.0767498
Mn-rs No QTL No QTL
Mn-rt 2 T2N18 60.304 3.72 8.6 0.0960884 1 F6D8-94 63.477 2.33 8 -0.067075
3 NT204 13.3 8.69 22.1 0.1551324
3 SNP197 71.908 3.56 8 0.0932226
4 CIW7 41.129 2.73 6.1 0.081017
Fe-rs No QTL 2 T2N18 60.72 2.71 9.3 -0.0438406
Fe-rt 5 SNP97 65.275 2.87 8.2 -0.0566152 5 SNP136 17.894 3.25 11 -0.0521724
5 M5-17 95.306 3.25 9.6 -0.0631346
Co-rs No QTL No QTL
Co-rt No QTL No QTL
Ni-rs No QTL No QTL
Ni-rt No QTL No QTL
Cu-rs No QTL No QTL
Cu-rt 1 SNP110 96.151 3.28 11.7 0.696094 No QTL
Zn-rs No QTL No QTL
Zn-rt 1 SNP32 31.865 3.48 11.4 -0.0692202 No QTL
5 K15I22 68.275 2.67 9 0.0619086
Rb-rs 1 SNP373 39.594 3.33 8.4 0.0482326 No QTL
1 M1-13 85.684 3.54 9.8 -0.054422
3 SNP114 1.801 3.37 8.5 0.0483878
5 SNP101 87.09 3 7.5 0.0454412
Rb-rt No QTL No QTL
Mo-rs 2 ERECTA 46.816 5.45 14.8 -0.0813972 1 SNP107 10.495 7.88 13.1 -0.1267128
3 F8J2 63.072 4.18 11.8 -0.0748506 2 ERECTA 46.662 20 40.9 0.223794
5 FLC 11.132 6.19 9.7 0.107958
Mo-rt 2 ERECTA 46.662 7.79 21.9 -0.1349304 No QTL
5 SNP193 37.63 2.72 7 -0.0759724
5 NGA129 75.578 2.43 6.3 -0.0724856
Cd-rs No QTL No QTL
Cd-rt No QTL No QTL 
L22 No QTL No QTL
L32 No QTL No QTL
 






Figure A1: Sequence alignment of the TPK1-loci of Ler, RIL138 and Col-0 
The alignment shows the sequences of Ler (L), RIL138 (R) and the Col-0 (C) reference sequence from 
TAIR. Polymorphisms between the sequences are highlighted in red (*SNPs). The start and the stop 
condon of the TPK1-gene are highlighted by blue boxes. The different annotated sequence parts of the 
TPK1 loci are indicated by differentially colored highlights: UTRs in blue, the exons (capital letters) in 
green, the intron in yellow. The primer position is indicated by underlining the consensus sequence in 
green for the forward and in orange for the reverse primers. The number of base pairs of the aligned 
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